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Abstract 
Peak oil, climate change and the achievement of energy independence have set the world 
into a new energy transition seeking to decarbonize both the power generation and 
transportation sectors. The convergence and synergy between both sectors, an electrified 
transportation powered by renewable energy, holds true potential to significantly reduce 
the world’s dependence on fossil fuels and the consequent emission of greenhouse gases. 
Nonetheless the integration of electric vehicles on the power system is not a minor issue 
and its associated impacts need to be carefully analyzed and addressed. 
In this context the main objective of this thesis is to develop a smart charging solution to 
safely integrate Plug-in Electric Vehicles into low voltage distribution networks while 
mitigating their corresponding impacts. This is done by designing a control algorithm 
capable to simultaneously meet both voltage and thermal network constrains by 
managing the vehicle’s charging process in real-time, while at the same time being 
respectful to current charging standards, computationally light and implementable in 
any current radial distribution grid. 
The proposed charging algorithm is built under a “Multi-Agent System” architecture 
combining a local decentralized voltage management with a centralized thermal control 
conceived to minimize user impact under three alternative optimization techniques. The 
architecture is fully implemented and tested on a realistic environment using Simulink 
by modeling key elements such as the charging stations, the vehicles themselves, and 
the different dwellings. An extensive analysis of the algorithm’s performance is 
completed testing it under multiple relevant scenarios. Finally the control algorithm is 
transferred to a real-time simulator (dSPACE MicroLabBox) to be validated and further 
evaluate its behavior through hardware-in-the-loop (HIL) simulations using both real 
charging stations and Plug-in Electric Vehicles available in the laboratory 
A satisfactory validation of the algorithm’s execution under and compatibility with real 
hardware is revealed by the HIL tests. At the same time a successful management of the 
considered network voltage and thermal constrains is obtained under all 
implementations, causing a minimal impact over the participating users and effectively 
peak shaving their total aggregated demand. For a full vehicle penetration scenario, the 
proposed control successfully prevents over 200 voltage limit violations and achieves so 
while significantly reducing the total transformer loading deviation, almost halving it 
when compared to an equivalent unrestricted charging case, and ensuring a net zero 
impact to 95% of participating users under its most effective thermal implementation. 
 The study also reveals that a full participation of all vehicle owners is not critical factor 
to ensure a proper grid operation under the designed algorithm, as satisfactory results 
are also obtained when only half of them are actively involved in network management. 
Finally an economic assessment covering the application of the designed control over 
conventional network reinforcements further demonstrates the advantages of such an 
active management approach reporting additional economic benefits to the DSO. 
Key Words:  
Plug-in electric vehicles, Radial low voltage networks, Real-time control, Centralized 
thermal management, Local voltage management, Hardware-in-the-loop (HIL), Multi-
agent systems, Active distribution networks, User impact minimization.  
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1. General Introduction & Project Definition  
 Introduction & Project Objectives 1.1
Many governments around the world have seen in Electro-Mobility their best option to 
tackle their economies strong decency on oil, meet their carbon emission targets and 
improve public health. Thus they have started to incentivize the purchase of electric 
vehicles through different actions such as: subsidies, financing plans, tax exemption, tax 
deductions, transit and parking facilities, as well as developing a network of public 
charging infrastructure. All of this has set the pace for the rapid expansion of electric 
vehicles, rising from just a few hundreds cars on the road in 2010 to a 1.26 million in 
2015. Furthermore the Paris Declaration on Electro-Mobility and Climate Change and 
Call to Action sets a global deployment target of 100 million electric cars in 2030. 
On the other hand the electrification of transport represents a major challenge for 
current LV networks. Not only the distribution grid will see more frequent voltage limit 
violations, transformer overloads and increased line losses with the growing numbers of 
Plug-in Electric Vehicles connected to it, but also, especially if their charging process is 
unconstraint, the network’s stability and reliability would be seriously affected. 
Traditionally DSOs will confront these issues through costly grid reinforcements and 
expansions normally just required a few hours a year and thus severely underused. 
Alternatively the increasing presence of intermittent renewable energy sources based 
distributed generation within the LV network and the electrification of the heating 
sector, further on pushing the system to its limits, call for the adoption of more active 
management based solutions, similar to the ones already used at the transmission level, 
maximizing the usage of network assets and transitioning them towards active 
distribution networks.  
Attempting to safely integrate PEVs in large numbers into the distribution system 
numerous studies have proposed multiple smart charging strategies. Nonetheless most 
of them: 
• Design and employ unrealistic and impractical charge managing algorithms 
disregarding the constrains imposed by: 
i Current charging standards and current legislation. 
ii Their communication and computational executional requirements.  
iii The available knowledge of the system parameters and layout. 
• Avoid validation using real hardware, simply focusing on computer-based 
simulations for addressing their algorithms performance. 
• Avoid real-time solutions. 
• Tackle voltage limit violations and grid congestion problems separately. 
 
Therefore in this context the present study pursues three main goals: 
• 1st Development of a charging control algorithm that satisfies these premises: 
i Unified Approach: It must solve jointly both network congestions and 
voltage limit violations constrains. 
ii Universal: It should be applicable to any existing distribution grid with 
minimum or no modification at all, as well as requiring minimum additional 
equipment. This implies that the algorithm shouldn’t rely to operate on: 
§ A complete knowledge about the grid layout. 
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§ Detailed specific grid parameters and operational data. 
iii User Friendly: The algorithm should minimize the impacts on users to: 
§ Maximize user engagement and acceptance. 
§ Protect user assets. 
§ Attract a growing number of participants, which further enhances the 
existing degree of control and lowers user impact. 
iv Real Time Operation: The algorithm must be able to manage network 
thermal and voltage constraints as they arise on real time. 
v Communication & Computationally Light: Its operation should require 
handling an acceptable amount of data such that the computational times are 
low enough to allow real time operation as well as to keep the total 
computational and communication costs down.  
vi Lawful: It must comply as far as possible with current legislation or such of 
foreseeable immediate adoption.  
vii Standard Compliant:  It must respect and operate under current the 
charging standard (IEC 61851-1) adjusting its operational characteristics 
accordingly.  
viii Transient: The algorithm should be designed using an appropriate and 
suitable architecture to support the future implementation of more complex 
control systems, paving the way and assisting the DSO in the transition 
towards future ADNs. Enabling and ensuring with ease, under the 
corresponding framework, market based operation, transactions among users 
and compatibility with prospective flexibility markets. 
ix Versatile: Finally its architecture should easily allow it to incorporate 
additional smart loads as well as flexibility providers and local generating 
units or even to be easily merged with other existing control strategies. 
• 2nd Modeling of a suitable LV distribution network simulation environment, as 
realistic as possible, to perform a through assessment of the algorithm’s performance. 
• 3rd Validation of the algorithm’s behavior and the previous modeled environment 
through: 
i Preparation of an appropriate laboratory setup. This will be done with the 
supervision of Mr. Kalle Rauma, responsible for the correct usage of the 
laboratory testing equipment.  
ii Execution of hardware-in-the-loop (HIL) simulations using real electrical 
vehicles and charging stations. 
 Relevance of the Study 1.2
The present work aims to contribute to a safer and more reliable operation of the current 
distribution grids. In order to accomplish such a goal, this study delivers: 
• A thorough literature review: A detailed revision of the state of the art was 
completed covering the current legal framework, the different already existing 
management strategies as well as the main impacts caused by electric vehicles, other 
smart loads and intermittent distributed generation. Learning from existing models, 
considering their main features and limitations while respecting current legislation, 
a refined, effective and easy to implement algorithm is developed.  
• A validation and full analysis of the algorithm’s performance: Most of the 
existing research disregards the practical implementation of their proposed 
strategies and just performs virtual assessment. However real testing is vital since 
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additional limitations and considerations while working with real equipment and 
standards have to be considered. Therefore, the project will combine real time 
hardware-in-the-loop (HIL) simulations using two different PEV models available in 
the laboratory designed to validate the algorithm’s behavior, with a deeper 
assessment of the algorithm’s performance simulating its operation on virtual 
distribution system as realistic as possible. 
• A versatile and expandable foundation: Finally the last important feature of this 
thesis work is that it aims to establish a solid basis upon which new features could 
then additionally be incorporated, as well as allowing it to be easily integrated with 
other developed control, management or possible future market schemes without 
jeopardizing its effectiveness. 
 Document Outline 1.3
To accomplish the aforementioned objectives the present study has been structured in 
the following sections: 
Project Background: This section offers a full contextualization of the project, 
highlighting the impacts and technical constrains suffered by current low voltage 
distribution networks with the increasing presence of both iRES and PEVs, covering the 
legal framework for the active of management of PEVs and reviewing the basic notions 
of current electric vehicle technology.  
State of the Art: A careful review and categorization of the different existing charging 
strategies and management approaches developed to integrate PEVs and other smart 
loads such as heat pumps (HPs) into the distribution grid is presented. The main lines of 
action are identified as well as the key principal features and drawbacks of the different 
control methods. 
Proposed Control Algorithm: The designed control algorithm is presented. Its 
behavior and architecture are detailed and fully explained and its control actions and 
selection criteria justified. 
Case Studies & System Modeling: The designed simulation environments to test and 
validate the algorithm’s behavior, covering the modeling of their main elements as well 
as a description of the experimental setup used to perform the hardware-in-the-loop 
(HIL) simulations, are detailed in this section. At the same time the different analyzed 
case studies are presented and justified. 
Results & Discussion: This chapter contains a careful exposition and discussion of the 
of the obtained simulation results, analyzing the performance of the proposed algorithm 
on the different considered case studies.  
Project Planning and Costs: An estimation of the total budget required for the 
completion of the present study is presented in this section. This then is reinforced by a 
small economic analysis showcasing the viability of the proposed solution over 
conventional measures traditionally employed by the DSO, as well as by a temporary 
planning of the project. 
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Conclusions & Future Work: The main conclusions of drawn from the project are 
summarized in this chapter, highlighting the implications of the developed study and 
drawing recommendations for future lines of work. 
Appendixes: Additional details on the developed simulation interface implemented on 
Simulink, supplementary modeling data concerning the designed simulation 
environments including the individual household demands as well as technical details of 
the employed hardware, together with complementary simulation results to reinforce the 
overall comprehension of the project are presented in this section. 
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2. Project Background 
 Context: Energy Transition 2.1
Energy is the main driver of life and one of the pillars of our society. All living organisms 
need to satisfy their energy needs in order to fulfill their vital functions and prosper. 
Humans are not an exception. However for mankind energy has come to mean so much 
more than simply a pure biological need. Energy has been the catalyst of prosperity and 
the source of progress, which have set the foundation of modern life, to such extent that 
it has shaped and defined our history. From the discovery of fire to the more recent 
developments of wind turbines and solar panels, our quest to crack the energy formula 
has led to many energy transitions through time, as new promising sources seemed to 
offer a better solution. Nowadays this quest continues and it is still far from over. 
 In recent years peak oil, climate change and energy independence, the three major 
defining issues of the century and currently exacerbated by the world’s electric power 
generation and transportation sectors, have marked the beginning of a new energy 
transition. Both sectors alone, represent over 60% of the global primary energy demand 
and have been predominantly fueled so far by fossil fuels, by coal and oil respectively [1].  
So far many efforts have been done especially to make the transition towards a 
renewable energy based society a reality. Recent years, driven by the 2020 goals set by 
the EU, have seen the expansion and increasing penetration of renewable energy sources 
across the different member states, as well as a significant reduction of the total carbon 
footprint. The development and major expansion of both solar and wind technology, the 
improvements in internal combustion engine vehicles as well as the emergence of hybrid 
technologies to cut carbon and pollutant emissions have contribute to make this possible. 
At the same time major progress has been made thanks to the adoption of multiple 
governmental sponsored renewal programs to substitute old appliances and lightning 
systems with more energy efficient new ones, reducing the net energy demand of public 
buildings and households. However, in line with the recent Paris agreement, already 
more ambitious goals have been set for 2030, with further reductions of CO2 emissions 
and increasingly demanding renewable energy and energy efficiency targets. Thus new 
support schemes and strategies will be as well required in order to meet the new goals 
[2]. 
It is nonetheless extremely difficult to predict what the winning recipe will be since the 
current energy transition has sparked major undergoing transformations in the energy 
field, generating a completely changing environment, attracting the interest of major 
industries from different fields and shaking the traditional business model of utilities 
[3]. The transition towards renewable energies has started to shape a more decentralized 
power system due to the nature of the resources themselves, as they have to be exploited 
wherever they are available. The continuous developments in solar technology, 
improving the cell’s efficiency and reducing the system’s cost, have contributed to further 
increase the total amount of decentralized power production. Furthermore together with 
the similar trends affecting battery technology, presenting increasing energy and power 
densities and cost reductions, has caused the emergence of the figure of the prosumer 
[4][5].  
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These improvements in battery technology have caused and reciprocally benefited from 
the recent expansion of electric vehicles. In 2013 electric vehicles represented 6.2% of 
total car sales in Norway and more than 4% in the Netherlands, while sales’ growth 
rates of around 50% were registered in France, Germany and the UK [6]. In 2015 market 
shares of 23% in Norway and almost 10% in the Netherlands were reached and the 
world saw, with the United States and China at the forefront, the threshold of 1 million 
electric cars exceeded, closing at 1.26 million and roughly doubling the previous year 
stock [7]. This recent expansion of electro-mobility has also been motivated as a way to 
gain energy independence from oil producing countries as well as to minimize carbon 
emissions, combating climate change and improving air quality in especially affected 
urban areas [8].  
Thus a good recipe to meet the appointed EU targets can be found in the convergence of 
both the transportation and the power generation sectors working together in synergy. 
The electrification of transport powered by renewable energy holds the potential to 
significantly reduce the world’s dependence on fossil fuels and the consequent emission 
of greenhouse gases [1]. Nonetheless the integration of electric vehicles on the power 
system is not a minor issue and its impacts need to be carefully analyzed and addressed. 
Additionally the increasing volatility in power systems as a result of the substitution of 
conventional synchronous generation with renewable alternatives, producing lower 
system inertia and higher generation variability, together with the ongoing 
decentralization, already cause significant impacts and make current power grids much 
more difficult to control. 
On the other hand, the falling prices of semiconductors and the expansion of ICTs 
worldwide [4] are leading the way to the digitalization of the energy sector and the 
emergence of Smart Grids. A Smarter Grid equipped with efficient measuring and 
communication devices is a central piece of the energy puzzle. Not only will it guarantee 
a safer and technically viable system operation but it will also act as an enabler [3] 
supporting all the undergoing transformations such as supporting new models, allowing 
the emergence of possible future regional and local markets, empowering prosumers and 
maximizing the usage of current system assets.  
The combination of an expansion of renewable based generation together with the 
electrification of transport while enabled by a Smart Grid technical and operational 
framework represents a solid path to drive the current energy transition towards 
fruition. The European Association for Storage of Energy (EASE) has highlighted [5] 
how the usage of energy storage systems in a Smart Grid framework could further 
facilitate the operation of future power systems and has even been shown that it could 
contribute to maximize asset utilization and deferral of expansion investments [9]. 
Precisely it is through this combination of and cooperation between all available 
resources, covering both the generation and transportation sectors, how the energy 
formula could be finally solved. 
 Smart Grids: Towards Active Distribution Networks 2.2
2.2.1 Background: Low Voltage Networks under Stress 
Recent years have witnessed how the 2020 goals set by the EU have led to the 
propagation of the energy transition spark across the continent, causing the widespread 
integration of iRES as well as an increasing electrification of both the transportation and 
2. Project Background 
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heating sectors. The swelling proliferation of iRES together with the growing charging 
requirements of PEVs are causing and are expected to cause multiple network 
operational challenges due to their unpredictable and intermittent nature. System 
operators are gradually facing a rising number of problems in the form of violation of 
voltage limits, network congestion and power quality issues among others 
[10][11][12][13].  
Under the scope of the present study both voltage limit violations and network 
congestions will be considered, since they represent two of the most relevant issues. 
According to the European standard “EN 50160:2010 - Voltage Characteristics in Public 
Distribution Systems”, which establishes the minimum common requirements relevant 
to voltage quality, the maximum allowable magnitude deviations for the supply voltage 
from its nominal value, in both LV and MV networks, is ±10%. These limits apply to the 
average RMS values estimated every 10 minutes and must be satisfied weekly during at 
least 95% of the time. 
Network congestions, also commonly referred as network thermal overloads, are 
produced as a result of a prolonged violation of any of the current ratings of main assets 
of the network, such as the transformer or the main feeders. The continuous exposure to 
excessive currents above the asset’s thermal ratings, results in its overheating, 
deterioration, triggering the associated protections and eventual risk of failure. Between 
both of them, network congestions represent what is generally referred to as a “hard” 
limit since they will lead to the eventual trigger of the system protections stopping its 
normal operation, while voltage limit violations constitute a “soft” limit, as the system 
operation will not be immediately jeopardized by their infraction [14].  
Although the MV level will also be affected, LV residential networks, highly ramified, 
with multiple long feeders, or densely packed, with hundreds of customers, will most 
certainly accumulate the greatest number of problems and thus represent the first 
bottleneck that needs to be tackled [10][11]. Consequently the current project will focus 
its attention precisely on them. Network topology constitutes the main determining 
factor when it comes to which types of issues are more likely to affect the system. LV 
networks consisting on long ramified feeders such as those in Germany, Spain, Italy and 
Ireland are more prone to experience voltage limit violation issues, while the ones more 
densely clustered such as those in the Netherlands generally tend to experience 
congestion problems first [13][15].  
On the other hand another set of decisive factors determining the nature of the impacts 
caused on the grid are the daily and seasonal differences in load and generation 
patterns. Due to their own nature some loads and generation units are subject to 
changes in the behavior they exhibit in accordance to weather patterns and user 
preferences among other factors. For instance during the summer two important factors 
coexist: a lower heating demand and a larger PV generation. This is a consequence of the 
higher temperatures and the longer number of available sunlight hours, while in the 
winter the opposite trend can be seen.  This generally results in a net nodal injection of 
power that causes overvoltage violations in the summer and in a net consumption 
responsible for undervoltages in the winter. Both cases are also equally susceptible to 
possible thermal issues caused by asset congestion regardless on the direction of power 
flows [13][14].  
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The increasing electrification of the heating sector, combined with the already electric 
powered air conditioning systems, further strengthens the unpredictability already 
present on the distribution system. However it is not only phenomena restricted to the 
LV grid that needs to be considered, even anomalies such as line triggering on the MV 
level can result in both voltage and thermal violations as a result of the newly transient 
power flow arrangements [16]. All of these together depict a current scenario with highly 
stressed LV networks. 
2.2.2 Active Distribution Networks: Flexibility Markets 
Traditionally DSOs have designed LV distribution networks under a “fit-and-forget” 
approach, by forecasting the expecting future power demands and accounting for the 
issues already present on the system, network operators will deploy the required 
reinforcements to the affected lines and assets, necessary to ensure a secure and viable 
grid operation [13][15]. Although this classic response through physical expansions does 
solve those network problems, they are far form being the optimal solution needed to 
correct the issues affecting current distribution systems. Despite the fact that the 
evolution of distribution networks could be more easily anticipated in the past and 
therefore those reinforcements could be planned with a long lifespan in mind, normally 
they represent an extremely economically inefficient choice since normally the problems 
they tackle only affect the entire system a limited number of hours per year, falling in 
complete underuse the remaining amount of time. 
This is why DSOs are constantly seeking for more active management based solutions to 
be applied to their distribution systems. Although congestion issues on the transmission 
level are usually handled by unit re-dispatching and by using control devices, these 
active control solutions are not yet applied on the LV level. Current distribution 
networks, driven by the growing unpredictability and intermittency brought by the 
undergoing energy transition, are moving towards more actively controlled systems, the 
so called active distribution networks (ADN)[13][14]. Indeed many studies [17][18] 
highlight the importance for  DSOs to adopt a more active role and the need to perform 
real-time control and supervision to safely manage future systems. 
When it comes to adopting more real-time voltage management approach, the 
substitution of distribution MV/LV transformers by OLTCs (On-Load Tap Changers) and 
the deployment of other control mechanisms such as LVR (Line Voltage Regulators) and 
shunt capacitors are among some of the alternative solutions DSOs could apply. 
Generally OLTCs are used solely on HV/MV transformation centers, while most MV/LV 
substations simply rely on NLTC (No-Load Tap Changers). The difference between them 
is that OLTCs can automatically change their wiring relation to respond to voltage 
deviations while on NLTC this can only be manually changed once the system is offline. 
This is normally done to decouple the MV from the transmission and guarantee a fixed 
MV voltage level to safeguard the different equipment. Therefore to compensate the 
voltage drops generally occurring MV/LV transformers are fixed with a high wiring 
relation. This is nonetheless problematic when a high power injection from DGs occurs 
since the upper voltage limits are more easily violated with such a configuration. Thus 
an effective way to manage these limitations is to use OLTCs on the MV/LV level, 
effectively decoupling the LV network and allowing an active voltage management on 
the distribution system [13]. Certain studies even suggest a more effective solution 
would be to use OLTCs capable to modify the wiring relation of each phase 
2. Project Background 
 
 
~ 9 ~   
independently in order to tackle voltage unbalances caused by the uneven distribution of 
some iRES and loads among end users [19].  
Other solutions such as LVR and shunt capacitors also have their own flaws. Although 
shunt capacitors are frequently used on the transmission level to adjust voltage levels, 
their effects are severely diminished when they are used on distribution networks due to 
their predominantly resistive nature [13]. Precisely thanks to their higher effectiveness 
many studies are suggesting to employ voltage management techniques based on active 
power control [12][13]. Despite allowing a greater level of control compared to simple 
grid expansions, these solutions still require major investments and have elevated 
associated costs to their deployment.  
On the other hand, when it comes to thermal limitations, disregarding conventional grid 
reinforcements, there are not so many alternatives other than unit time relocation, 
power curtailment and line alleviation through strategic storage allocation. When it 
comes to the use of strategic storage, some studies have pointed out that although it 
decreases the need for grid expansions and reduces the total capital expenditure 
(CAPEX) cost, it is still necessary to perform power curtailment on essentially the same 
level as by solely using network reinforcements to safely manage the system [9] and thus 
not entirely solving the problem. In the case of power curtailment current legislation is 
not too permissive, especially in the case of iRES, establishing a set of hard conditions 
only under which such control can be employed and additionally, just as with unit time 
relocation, it requires user consent. Furthermore European legislation shares little 
common ground on these matters with both Germany and Belgium exhibiting the 
friendliest ones [17].  
Nonetheless encouraging dynamic user participation and performing a real-time asset 
management seems the most promising and cost-effective alternative. In other words, 
employing what traditionally has been known as a demand response (DR) approach. Not 
only is it possible to solve simultaneously both voltage and thermal issues jointly but 
also exploits and goes in line with the current deployment of smart meters and the 
population increasing involvement with green energy solutions and environmental 
concerns. There are two main types of demand response programs (DRP): price-based 
programs and incentive-based programs[20]. 
• Price-Based DRPs: Price-based demand response programs are built on the concept 
that users will adjust their demand and production accordingly to market prices 
seeking an optimal economic exploitation of their assets. Although they rely on a 
simple concept, these programs can result in even higher grid impacts as lower 
electricity prices driven by for example large wind generation would encourage users 
to massively connect their loads, further stressing the system [21]. This is an 
important phenomenon to bear in mind even when other techniques are applied. It is 
essential to prevent this so-called “Rebound Effect” after the restrictions upon the 
generation or consumption of certain units are lifted, especially those such as PEVs 
and HPs (heat pumps) that seek to fulfill certain comfort or charge objectives set by 
the users.  
• Incentive-Based DRPs: Incentive-based demand response programs are generally 
programs sponsored by utilities and grid operators themselves. An agreement with 
the users is signed offering economic compensation in exchange for control over their 
assets in order to manage grid congestions, power quality issues and voltage 
limitations among others. Inside these programs, it is of especial relevance the recent 
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demand side flexibility program (DSF). In this program users provide a service to the 
energy system by modifying their generation injection and/or consumption patterns 
in reaction to an external signal, which could be a price or activation signal [20].  
The massive adoption and consolidation of demand side flexibility programs, also 
commonly referred to as “System Flexibility Services”[18] will eventually lead to rise of 
system aggregators, system service providers as well as the establishment of a market 
operational framework, resulting in the final birth and consolidation of Flexibility 
Markets. These Flexibility Markets have a similar feeling and are indeed based on a 
similar concept to the already existing balancing markets used in the transmission 
system. The concept is quite simple and it is based on the capitalization of the choice 
business and residential consumers have on whether or not to be flexible in terms of 
when to consume, produce or inject energy into the grid [22]. This financial value given 
to flexibility holds the potential to benefit many new markets players that would arise 
seeking portfolio optimization by buying or selling energy in terms of market prices, as 
well as offering DSOs an alternative cost effective solution to solve many of the arising 
network issues at once. In this sense for the DSO flexibility can be understood as the 
ability of the power system to respond to changes in the net load exploiting its own 
resources in order to maximize the security of supply and the quality of service in the 
most efficient way [9][17]. 
Precisely numerous studies, many with an important participation of DSOs and utilities, 
[16] [17] are highlighting all the intrinsic benefits derived from a full implementation of 
such flexibility markets, emphasizing and defining the future role of the different 
players as well as the current limitations still in place. Some initiatives such as the 
“USEF” project [22] (Universal Smart Energy Framework) are strongly pushing towards 
their implementation by completely defining an universal operational framework for 
such markets. In such approach the DSO during normal operation can purchase the 
flexibility resources required to ensure satisfactory network operation and will also have 
an assisting and supporting role facilitating market operations. However it is important 
to highlight the existence an emergency mode, referred to as the “Graceful Degradation” 
mode, which can be activated by the DSO when the system is at risk of failure. Under 
this mode the DSO can cancel all normal market transactions and fully employ all 
available flexibility to ensure the system reliability and restore normal operating 
conditions. 
Although promising, three main types of barriers are yet in place preventing Flexibility 
Markets to become a reality: communicational, computational and legal. 
• Communicational Barriers: They represent one of the most challenging obstacles 
to overcome. As it is continuously stressed the active participation and interaction 
between the market players, would impose heavy communicational needs for the 
system to properly behave [21]. Not only a quick and efficient communication is 
needed to avoid excessive time delays and to ensure less restrictive constrains fall 
over the total computational requirements but also the adoption of a standardized 
and widely compatible communication protocol would be highly beneficial. Although 
some projects exploring different ADN functionalities have managed to successfully 
implement communications and ensure a proper system behavior, they have mainly 
worked with small scale study cases [12][15]. Those using larger, real-sized systems 
have highlighted the need to either simplify the complexity of the computational 
2. Project Background 
 
 
~ 11 ~   
processes and therefore have less restrictive communication needs [10][11] or opt for 
a more decentralized approach in order to use less congested and more agile 
communication links [13]. 
• Computational Barriers: Another cornerstone for the implementation of 
Flexibility Markets is the computational requirements. The correct behavior of a 
market of such a scale with the active participation and interactions on real-time 
between so many different players such as aggregators, balancing and individual 
providers would also result in an enormous amount of data and effectively impose a 
heavy computational load on such a system. Moreover light computational solutions 
are needed to properly resolve the different market scenarios. Otherwise too complex 
system would be obtained, impossible to be solved within the proper time constrains 
[21]. The future introduction of new enabling technologies such as Blockchain, 
allowing direct and secure peer-to-peer transactions could help to alleviate this 
congestion.  
• Legal Barriers: Last but not least there are still many aspects that need to be 
transitioned within current legislation to allow and promote a full deployment of 
such a market. As many studies point out [16] [17] some of the issues that need to be 
addressed are: the provision of legal coverage for DSOs to adopt and assume new 
roles and functions out of their traditional scope since they are public regulated 
entities, the fostering of  closer collaboration and the sharing of information between 
DSOs and TSOs, the standardization of protocols as well as the redefinition of cost 
attributions (CAPEX and OPEX) of DSOs and of their financing schemes among 
others. Furthermore a standardization of policies among European countries would 
be beneficial for a quicker market development.  
Regardless of what scenarios the different adopted future policies might shape and 
although it may still take some time before flexibility markets can become a reality, it 
would represent an immense step forward if any control mechanism implemented by the 
DSO to address the many impacts affecting current distribution networks as a result of 
proliferation of distributed generation and consumption resources, was to be conceived in 
such a way that allows its ease of integration within future market-based operations. 
2.2.3 Legal Framework 
The present project work attempts to bring active distribution networks closer to reality, 
by proposing a control algorithm capable of addressing on real-time both the voltage and 
thermal limitations of distributions grids through the usage of PEVs. In order to develop 
a successfully implementable system, the current project work has been conceived for its 
application under the German legal framework attending to multiple reasons: 
• Germany is one of the most representative scenarios at the European level. With a 
leading position in terms of both penetration of iRES on its distribution networks and 
a growing presence of PEVs on its roads, the country stands at the forefront in the 
energy revolution. 
• It constitutes one of the European countries with the friendliest, most advanced and 
permissive regulations towards the implementation of active distribution 
management solutions [16][17]. 
• It is a welcoming environment for the application of innovative solutions and large 
popular support exists towards green energy and the energy transition.  
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• Current German legislation already authorizes the DSO to bilaterally establish 
agreements with the different users and take advantage of their consumption devices 
[23]. This is essential since it provides legal guarantees and coverage to the project. 
Among the entire list, the most relevant factor to bear in mind is the legal support since 
it largely determines if the project can be or not implemented. Legal coverage is provided 
by the German “Act on Electricity and Gas Supply EnWG § 14a” [23], which allows the 
DSO to manage, prior user’s consent, those controllable consumption devices avaible in 
the low voltage network. In principle, through grid utilization contracts distribution 
networks operators agree to charge a reduced tariff to those suppliers and final 
consumers in the LV system in return for the grid-based control of controllable 
consumption devices that posses a separate metering point. This definition applies, but 
not exclusively, to electric vehicles, heat pumps and night storage heaters among others. 
The joint project deveoped by Stromnetz Hamburg GmbH and LichtBlick SE, currently 
under development, precisely seeks to showcase how “EnWG§14a” can be conjugated 
with PEVs, to effectively reduce their charging costs by about 30% [24]. The project aims 
to prove how, through a controlled time-shifted charge (Off-Peak Charging), electric 
vehicles could become more affordable as well as to demonstrate the nationwide viabilty 
of such a project. 
Aside from the “EnWG§14a” act, the German legislation also allows DSOs to perform 
grid management through active power curtailment of iRES. This is done through the so 
called “Feed-in Management”[17]. This regulation is however much more restrictive and 
can only be summoned by the DSO as a temporary solution, while other corrective 
measurements such as grid reinforcements are being deployed, to prevent the system 
from operational failure. Under such conditions the DSO can, depending on the plant’s 
installed capacity, take control and curtail some of the generated power. These harder 
conditions should not come as a surprise. Most regulations in place tend to favor the 
generation from renewable energy and therefore generally ban or depict significantly 
complex conditions under which curtailment can occur. 
In any case, although the “EnWG§14a” act sets the legal basis required for the practical 
implementation of the current project work, still, as the joint project by Stromnetz 
Hamburg and LichtBlick higlisths, many legal issues need to be clarified. For instance, 
under the current legislation a nationwide implementation of such a project represents 
an enormous administrative burden. It would require making complicated agreements 
with every one of the almost 900 existing electricity grid operators in the country. Far 
more important is the need to establish a solid and complete legal framework to create 
legal certainty for all stakeholders. One key aspect yet unresolved is how the DSO can 
justify the acquisition of such flexibility services under “EnWG§14a”. Nowadays under 
current legislation[17][18] DSOs cannot compute this flexibility acquisition costs as 
operational costs (OPEX). This is a major issue since as a public entity DSOs need to 
legally present their expenses.  
Another major issue for system operators, even after that one is solved, is precisely the 
result of opting for these flexibility-based solutions instead of the traditional 
reinforcements and grid expansions to correct network issues. By doing so DSOs are 
shifting from a high capital expenditure (CAPEX) approach to high operational 
expenditure one (OPEX), and this might prove problematic at the beginning since 
network operators receive their finance accordingly to their CAPEX [9].  
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Finally the provision of a full legal coverage to all of these remaining issues will 
additionally motivate the convergence towards future flexibility markets themselves, 
with the rise of new market players such as aggregators, concentrating the flexibility 
offers of several individual customers, and thus providing much more consistent and 
solid offers, preferable for DSOs [18]. 
 Electro-Mobility: A Smart Load 2.3
2.3.1 Background: Electro-Mobility on the rise 
Of the total oil consumed in the world in 2011, 62.3% was used to power the 
transportation sector [8]. Oil has been and continues to this day being the blood fueling 
global transportation. However this comes at a price. Not only its usage aggravates 
climate change and harms the urban population’s heath but it also causes economic and 
geopolitical instability by creating great dependence on oil producing countries[8]. Its 
finite and damaging nature is therefore triggering a change through many countries, 
with transportation accounting for almost a quarter of global-energy related green house 
gases (GHG) emissions [7]. Australia, Canada, China, the European Union, Japan, 
South Korea and the United States among others, have established, or are in the process 
of establishing, limits on pollutant emissions for light vehicles[8].  
In order to meet these regulations, automobile manufacturers have improved and 
reduced the emissions of their internal combustion engine vehicles (ICEV) and have 
started developing new electric drive vehicles. Electric drive vehicles, which are able to 
run on fossil fuels, electricity, a combination of both or even hydrogen, are far superior in 
terms of energy usage in comparison to conventional vehicles [25]. While a traditional 
ICEV accomplishes a fuel efficiency between 15–18%, a battery electric vehicle (BEV) 
can register an efficiency as high as 60–70%[1]. This represents a major economic and 
competitive advantage. 
Many governments have seen in Electro-Mobility their best option to meet their GHG 
emission targets through a greener energy mix [8], reduce their need of foreign oil [8][25] 
and improve public health. Thus they have started to incentivize the purchase of electric 
vehicles through different actions such as: subsidies, financing plans, tax exemption, tax 
deductions, transit and parking facilities, as well as developing a network of charging 
infrastructure [6][7][8]. All these incentives driving down the costs while offering 
significant driving benefits, together with the public perception of supporting the 
environment, have made electric vehicles a really attractive option to users [6] and 
companies alike.  
All of this has set the pace for the rapid expansion of Electro-Mobility, rising from just a 
few hundreds cars on the road in 2010 to a 1.26 million in 2015 almost doubling the total 
stock in 2014[7]. Furthermore prospects depict an even more promising future. As 
current obstacles such as range and price continue to be eroded and as parity with ICEV 
is reached through major improvements in both battery technology and new materials, 
vehicles become lighter, with higher driving ranges and more affordable. Not in vane the 
Paris Declaration on Electro-Mobility and Climate Change and Call to Action sets a 
global deployment target of 100 million electric cars in 2030 [7].  
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2.3.2 Electric Vehicles: Types & Charging Characteristics 
2.3.2.1 Types of Electric Vehicles 
Conventional ICEV use either gasoline or diesel, which after being burned in an internal 
combustion engine, supply the vehicle with the required mechanical energy to move 
forward. In contrast, electric vehicles (EV) use electricity supplied from a battery to 
power an electric motor and cover, completely or partially, their driving energy needs 
[1][26]. Recent years have witnessed an extraordinary expansion of Electro-Mobility as a 
response by automobile manufacturers to meet the new regulations. This electric 
explosion has resulted in several different architectures, some of which are still 
undergoing major developments. These can be organized into four main categories: 
Hybrid (HEV), Plug-in Hybrid (PHEV), Battery or All-Electric (BEV) and Fuel Cell 
Electric Vehicles (FCEV) [1]. 
• Hybrid Electric Vehicles (HEV): Hybrid electric vehicles are the result of 
incorporating an electric battery and motor to a conventional internal combustion 
vehicle. Although still fully powered by liquid fuels, the addition of the electric 
battery allows HEV to significantly improve the system performance. Not only it 
allows the capture of kinetic braking energy, a process called regenerative braking, 
but it also, in combination with the electric motor, allows to partially or fully 
decouple, depending on the system architecture, the internal combustion engine 
operation from the drivetrain and boots its operating efficiency. According to their 
system architecture, hybrids can be classified into series, parallel and complex 
hybrids. Direct access to the traction battery pack is not provided and therefore their 
batteries cannot be externally charged. They are completely supplied by both 
regenerative breaking and the combustion engine itself. [1][26][27].  
• Plug-in Hybrid Vehicles (PHEV): Plug-in hybrid electric vehicles follow a similar 
concept as HEV, being equipped with both an internal combustion engine and an 
electric motor powered by the electricity stored in the traction batteries. Nonetheless 
PHEV generally have larger battery packs that can be externally charged through a 
grid connection. In contrast to HEV, their bigger traction battery allows PHEV to 
posses a larger full electric range and drive moderate distances without relying on 
the internal combustion engine. PHEV are generally classified using the following 
notation PHEV-XX, where “XX” denotes their all-electric range expressed in miles 
[1][26]. 
• Battery or All-Electric Vehicles (BEV): Battery electric vehicles represent the 
following logical step after plug-in hybrids. By increasing the battery size even 
further and suppressing the internal combustion engine, these vehicles become solely 
powered by the grid electricity stored in their large onboard traction batteries, reason 
why they are also referred to as “all-electric”. Equipped with 25–40 kWh batteries, 
compared to the 5–15 kWh normally installed in PHEV, their efficiency and driving 
range varies substantially based on the driving conditions and the driving habits. 
Heavy accelerations, hauling heavy loads or driving up significant inclines can 
reduce their driving range. Although as any other electric vehicle they can extend 
their range taking benefit from regenerative breaking [1][8][26]. 
• Fuel Cell Electric Vehicles (FCEV): Fuel cell vehicles represent the last type of 
electric vehicles. They are completely driven by an electric powertrain, using the 
electricity generated through an electrochemical process in the fuel cell stack. FCEV 
resemble HEV since they also need to carry onboard a fuel source such as natural gas 
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or hydrogen to power the fuel cell stack and produce the electricity required to power 
the vehicle. Different system architectures are also possible within FCEV. They can 
either be fully reliant on the fuel cell or supplied with an additional battery in a 
hybrid arrangement like an HEV or PHEV[1][26].  
The present study will focus on the development of a control algorithm to manage both 
the thermal and voltage constrains currently affecting low voltage distribution networks 
using electric vehicles. Thus only those relying on a connection to the grid and therefore 
accountable for some of those impacts are of interest. Solely PHEV and BEV will be 
under consideration from now on and will be jointly referred under the common 
denomination of “Plug-in Electric Vehicles” (PEV).  A PEV, according to the U.S. 
Department of Energy, can be defined as a light vehicle powered, completely or partially, 
drawing electricity from a battery of at least 4 kWh, which can be charged from an 
external source [28]. 
2.3.2.2 Charging Modes and Infrastructure 
The International Electrotechnical Commission in its IEC 61851-1 standard defines four 
conductive charging system modes for electric vehicles[29][30]: 
• Mode 1 (AC): The charge is done through a direct connection of the vehicle to the 
grid using a standard domestic socket without any auxiliary cable providing specific 
protection or intelligence. This type of solution is not risk free, overloading can occur 
and thus is prohibited is some countries like the United States. Consequently, this 
charging mode will be disregarded in this study. 
• Mode 2 (AC): The charge is done through a direct connection to the grid using a non-
dedicated power socket. However now an auxiliary cable providing specific protection 
and intelligence is used. 
• Mode 3 (AC): The charge of the vehicle is performed through dedicated 
infrastructure for its exclusive use, equipped with specific power sockets and cables. 
The charging station already incorporates the required protection and intelligence to 
assist in the charging process. 
• Mode 4 (DC): This last mode differs from the previous three since now an indirect 
connection to the grid is established through an external charger. The charger is 
responsible to rectify the AC supply from the power system and provide the vehicle 
with DC current to refill its battery.  
Depending on the charging power, the charge of PEV can be classified into three main 
levels: Slow, Fast and Ultrafast charging respectively [8]. This categorization has been 
made according to European standards where 230V and 50Hz are used in the 
distribution system. While in the United States and some other countries using a 120V 
and 60 Hz system a slower charging level using single-phase AC charging can be 
defined, this is not possible in Europe. Obviously the higher the charging power, the 
quicker the vehicle is able to refill its battery. On the other hand a higher charging 
power, even if only lasting for a shorter period of time, also causes a more severe impact 
on the distribution network. 
• Slow charging (1-Phase AC): Done in standard single-phase plugs, slow charging 
represents the most convenient and economical home-based charging method, but it 
is also the slowest. Although variable between countries, generally in Europe the 
charging power reaches 3.7 kW, corresponding to 230V and 16A. Exceptions to this 
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rule are for example Switzerland and the UK, both with 230V on their sockets but 
with maximum current levels respectively of 10 and 13 A [8][31].  
• Fast charging (3-Phase AC): Fast charging uses a three-phase connection instead 
of the single-phase one employed in slow charging and thus allows for a greater 
charging power and a shorter charging time. The maximum power again is variable 
depending greatly on the country’s distribution system, but it normally takes values 
between 10-20 kW. Exceeding the rating of a single standard plug, it can be available 
both in residential and commercial areas [8]. 
• Ultrafast charging (3-Phase AC or DC): Ultrafast charging is able to deliver 
charging powers up to 50 kW or even higher. In the case of DC charging, it bypasses 
the on-board chargers of the PEV and charges the battery directly. As a result, it can 
provide a vehicle with a full charge in minutes instead of hours. The enormous 
magnitude of the charging power requires the usage of a dedicated external charger 
to accommodate the charger itself and appropriately cool the equipment. These 
charging stations are used for PEV as well as large vehicles like electric buses, and 
are suitable for public and commercial areas, airports, and transportation corridors. 
Timing is the essential idea behind fast charging allowing drivers to rapidly increase 
their autonomy both in transit or in emergency situations.[8][31]. IEC 62196 Type 1:  “Yazaki”  IEC 62196 Type 2:“Mennekes”  
 
 The type 1 connector has been designed to support single-phase charging in electrical systems using 120-240 V, such as those in North America and Japan. The connector has five pins (L1, L2/N, Ground Pin, Control Pilot and Proximity Detection). It supports charging powers from 0.96-19.20 kW.  
The type 2 connector supports single/three-phase charging in electrical systems ranging from 230-400V as those in Europe. The connector has seven pins of two different diameters (L1, L2, L3, N, Ground Pin, Control Pilot and Proximity Detection). It supports charging powers up to 43 kW. 
 Type 1 Combo: “Yazaki”  +DC Type 2 Combo: “Mennekes”+DC  
  The type 1 combo or SAE J1172 Combined Charging System (CCS) has been designed to support DC charging in electrical systems using 200-600 V DC, such as those in North America and Japan. The connector incorporates two additional pins to support the DC charging (+) & (-). It supports charging powers up to 125kW. 
 
The type 2 combo or IEC 62196 Combined Charging System (CCS) supports DC charging in electrical systems ranging from 200-850V DC as those used in Europe. As with the type 1, the type 2 combo incorporates two additional pins to support the DC charging (+) & (-) and supports charging powers up to 170 kW. 
Table 1: Types of Connectors [32] 
Despite the availability of these three possible charging levels, not all PEV can benefit 
from them indifferently. Likewise, several types of connector exist as well and are 
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present on both charging stations and on commercial vehicles. Each one of them posses 
their own characteristics and limitations, and although adaptors exist to allow 
interoperability, the charging process is limited to the most restrictive link of the chain. 
The two main types of connectors used in this study are defined and regulated by the 
international standard IEC 62196 and correspond respectively to both the type 1 and the 
type 2 connectors which, together with a brief description, can be found in Table 1.  
2.3.2.3 Charging Process  
The charging process of a battery is a complex process to say the least. Although most 
studies dealing with the integration of large numbers of PEV generally just assume that 
the charging process is completely carried out at constant power, this process is defined 
by cycles of constant-current and constant-voltage [33]. The charging process is normally 
initiated by a constant-current phase. As the SOC (State of Charge) rises with the 
injected current so does the system voltage. By the time it reaches a level close to full 
charge, generally between 80-90%[34], the battery’s nominal voltage is obtained. It is 
then when the constant-voltage phase is launched by the BMS (Battery Management 
System), which progressively reduces the charging current while holding the system 
voltage constant at its rated value. This control is performed to prevent overheating the 
battery cells, and to avoid damaging the cells’ lifetime. 
Another important aspect to consider in the charging process of a battery is the charging 
speed or charging rate. As the capacities between batteries are often very different, a 
normalized parameter known as C-rate is generally used to measure the dis/charging 
currents [35]. The C-rate indicates the rate at which the battery is dis/charged in terms 
of its maximum capacity [35], corresponding numerically with the inverse of the total 
amount of time in hours required to fully recharge or discharge the battery to full 
capacity at such charging or discharging rate. Generally a higher charging rate is a 
desirable feature by most users who want to see their vehicles charged rapidly. However 
high dis/charging rates result in more severe impacts to the batteries themselves, 
causing higher losses and temperatures in the process and resulting in a more stressful 
dis/charge and an underuse of the system’s total real capacity.  
The maximum charging speed is determined by the characteristics of the charging 
station, the connection features with the coupled vehicle and the capacity of the vehicle’s 
on-board charger (OBC). Moreover the charging power is additionally limited by both the 
working temperature to prevent overheating derived issues and also by the SOC itself 
[34]. Although the SOC is a parameter not known by the charging stations accordingly to 
the IEC 61851-1 standard [29][30], the restriction is set by the BMS, which can  estimate 
it using both the charging current and the battery voltage[36]. Instead the charging 
standard supplies the charging stations with information regarding the existing 
connection and the charging availability of any plugged vehicle, as well as with its total 
connection time [29][30][37]. Additionally it also sets the boundaries of the charging 
process itself, defining one of a semi-continuous nature, using standardized permissible 
current levels with a fixed 1A step varying from a 6A minimum to a 80A maximum 
[29][30][12].  
This governable maximum charging current limitation allows to perform a dynamic 
control of the active power requested by PEVs and thus reduce their network impacts, 
which are highlighted in the next section. Contrary to other smart devices such as PV 
inverters where grid management and support can also be provided by reactive power 
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regulation, the OBC of PEV does not permit reactive power management [12]. The OBC 
is essentially used to convert the network AC power into the DC power required to 
charge the battery[38]. It consists of a PFC (Power Factor Correction system) and a 
DC/DC full bridge converter. It is precisely this PFC the one who effectively disables any 
possibility of reactive power control. The PFC is comprised of a bridge rectifier, a boost 
converter equipped with a control circuit and a holdup capacitor, and is responsible to 
rectify the network signal while correcting the power factor and reducing the harmonic 
injection into the network [39][40]. Finally the DC/DC full bridge adapts the voltage 
level to that of the battery. 
2.3.3 Grid Integration: Impacts & Characteristics 
PEV represent an increasing headache for DSOs. Increased wear on transformers, 
transmission bottlenecks and power quality issues can be highlighted as some of their 
main impacts on the distribution grid. Among those power quality issues, it is 
significantly relevant the effect they can have on voltage unbalances when the vehicles 
rely on single-phase charging and especially if the neutral conductor is not grounded 
[12]. Not only their ever-growing numbers will lead to more frequent voltage limit 
violations, transformer overloads and increased line losses but also, particularly if their 
charging process is unconstraint, they will pose a threat to the network’s stability and 
reliability. Therefore the safe integration of large numbers of PEV into LV distribution 
grids will require the adoption of corrective measures such as network reinforcements, 
embedded generation and PEV charge management strategies [1]. 
Consequently many charging management strategies have been developed and are still 
currently being studied, as the number of plug-in electric vehicles, as well as those of 
distributed generation units and the electrification of other loads, keep increasing in the 
distribution grid. Although these strategies will be covered and reviewed in detail within 
the following section, where a complete state of the art research is presented, it can 
already be highlighted how they essentially seek the temporal control of the charging 
process to correct their derived network issues. This generally translates in either the 
curtailment of the vehicles’ charging power or their disconnection from the grid. 
The major factors influencing the impacts caused by PEV on low voltage distribution 
networks are found to be the users driving patterns, the charging process characteristics, 
the charge timing and their penetration levels [25]. 
• Driving Patterns: The driving patterns can be defined as the daily usage given to 
PEV by their respective owners. These determine where the cars will be parked and 
therefore located at the corresponding time of connection, their energy needs in terms 
of the total depletion suffered by their batteries in their displacements, as well as the 
total number of vehicles connected at each instant and their available maximum 
charging time.  
• Charging Characteristics: The charging characteristics comprise all the features 
that clearly and unequivocally define of the charging process. These include, but are 
not limited to, the type of charge (single-phase AC, three-phase AC or DC), the 
maximum charging power, the rated voltage level, the required charging time and 
the controllability of the charging process offered by the station itself. 
• Charge Timing: The charge timing represents how the charge is temporally 
allocated. In other words the period the charging process takes places. This is 
especially relevant since load patterns and DG units’ power injection both depend on 
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the season and time of the day [13]. Therefore the same charging demands can be 
more or less harmful depending on the already existing system loading.  
• Penetration Levels: The last major parameter is the penetration level of PEV 
within the distribution system. This refers of course to the total number of car 
present in the network. Evidently the higher the number, the greater the impact and 
the issues that will be caused in the low voltage grid. 
Other minor but also relevant factors are also of great importance. The antiquity of the 
car, relevant in terms of both the car firmware and the aging suffered by the battery 
itself, affect its total capacity [12]. Additionally even the same car models are not always 
provisioned with the exact same battery characteristics because of standard production 
deviations. A simulation environment as realistic as possible, will take under 
consideration the most possible number of aspects. Nonetheless in this project only the 
major four are contemplated, which is already adequate to create a suitable testing 
scenario. 
Finally, unlike most convectional loads, plug-in electric vehicles posses three main 
defining traits [41]: 
• PEV change their allocation within the network. 
• PEV change their charging needs and their available charging time. 
• Individually they present an erratic behavior. However collectively certain patterns 
can be appreciated, which has led to many charging strategies to develop predictive 
models to accommodate their charging needs in advance, both including and 
disregarding uncertainties in the process [21][41][42][43][44].  
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3. State of the Art 
 Charge Plans 3.1
PEVs represent both a challenge as well as an opportunity. As their penetration in the 
market increases, PEVs will most likely become the main controllable load available on 
households and thus the largest domestic source of flexibility [21]. Therefore it becomes 
more and more apparent the need to implement an active management of their charging 
process to prevent, delay or substitute investments in grid reinforcements, achieve a 
more efficient operation of the system and satisfy the users’ requirements [8].  
Disregarding V2G (Vehicle-to-Grid), which is not expected in the short/medium term, 
due to the premature degradation of batteries and energy losses caused during its 
operation [8], three main charge plans exist under which electric vehicles can recharge 
their batteries from the grid: Dumb or Uncontrolled Charging, Off-Peak or Delayed 
Charging and Smart Charging. The difference between them can be found in the 
different levels of external control involved in the process [1]. 
• Dumb or Uncontrolled Charging: As the name suggests, dumb or uncontrolled 
charging essentially consists of the absence of any control or restriction over the 
charging process of PEVs. The vehicle starts recharging as soon as it is connected to 
the grid and the process is just stopped once it reaches full charge or it is manually 
forced to do so by the user [1]. Of course despite being an approach extremely user 
friendly and easy to adopt, since no corrective measures at all are applied, it does not 
solve any of its associated charging impacts on the network[8].  
• Off-Peak or Delayed Charging: Off-Peak or Delayed Charging consists on a 
simple pre-established offset of the charging process by a set amount of time. 
Although it still remains completely uncontrolled while it is taking place, the 
relocation of the PEVs’ charging load to off-peak hours, especially at nighttime, 
allows taking advantage of a normally much less stressed network, effectively 
flattening the demand profile, reducing the system’s congestion in comparison to 
dumb charging and delaying grid reinforcements[1][8]. Although this approach might 
work with small penetration numbers, as they grow it becomes as inefficient as the 
previous approach. Furthermore many issues remain yet unresolved such as the 
inability to respond to unforeseen voltage, congestion and unbalancing episodes as 
well as not providing an optimal solution to the problem. 
• Smart Charging: In contrast with dumb and off-peak charging, smart charging 
allows both users and network operators to exert some measure of intelligent control 
over the charging profile of the vehicle in order to obtain technical and economic 
benefits. The main idea is to perform the charge when it is most beneficial based on 
an active control of the process that can be automated using optimization or heuristic 
algorithms. This allows to fulfill different objectives such as active management of 
system congestions and voltage limitations, reduction of system losses and 
economical optimization the charging process or any other parameter of interest 
[1][8]. Although smart charging plans are the most beneficial ones, they also are the 
more complex ones to implement. Not only they require the application of suitable 
functional algorithms, but also involve the use of information and communication 
technologies and above all require the user’s consent [8].  
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From a network perspective PEVs are seen as a simple electrical loads for both Dumb 
and Off-Peak Charging while they are considered as smart and flexible loads in the case 
of Smart Charging [8]. 
 Smart Charging: Charging Strategies 3.2
Due to the nature of the control algorithm that the current project work aims to develop, 
as well as due to their obvious benefits, the present focus will be given to further 
investigate the different types of smart charging approaches that have already been 
proposed in the literature. These will be referred further on as “Smart Charging 
Strategies” or simply as “charging strategies”. Although many different optimization 
objectives can be pursued and thus many different types of charging strategies can then 
also be identified; since the focus of this project is to perform an active thermal and 
voltage management control of LV distribution networks, the main focus of research has 
been given to the literature covering such implementations. Overall in accordance to 
their operating principle the following categories can be found: 
• Predictive vs Real-Time Strategies: The key differences between real-time and 
predictive strategies lies in whether the controlled charge of the vehicles is pre-set in 
advance based on consumption estimations or forecasts [21][41][42][43][44] or on the 
contrary it adapts and reacts based on real-time measurements and conditions 
[10][11][12][13][15][16]. If a real practical implementation is the end goal, predictive 
approaches are not the right way to approach the problem. Nonetheless the majority 
of the existing strategies on the literature fall under the predictive tag.  
 
Most of them, as part of their control algorithms, preform load flow calculations while 
assuming a complete deterministic demand curve [41][43][44]. Some, such as 
Clement-Nyns et al. in their study [42], assign uncertainty to the forecasted demand 
curve and consider it while computing the PEVs’ optimal charge profiles.  Although 
this is acceptable to showcase the benefits and possibilities of a controlled integration 
of electric vehicles, it falls short if applied to a real-world system since either a 
complementary real-time control algorithm is then needed when the forecast does 
meet the real demand or then the network control needs to be provided by alternative 
means. 
 
Real time strategies on the other hand base their actions on real measurements of 
the network current state and consequently respond to them. Opposite to predictive 
strategies they are able to perform an efficient system management without the need 
of any supplementary control and are suitable to be directly implemented on real 
systems. Obviously, due to their reactive nature based on real measurements, the 
performance of these strategies is not comparable to those offered by the predictive 
ones, which should also be handle with certain care since they fully depend on the 
accuracy of the forecast they have been based on. Finally it is important to highlight 
that most predictive strategies could be easily modified to operate under a real-time 
approach, based on how they really operate on their core. In other words how they 
really manage the congestion and voltage limitations when they appear. 
• Centralized vs Decentralized vs Mixed Control Strategies: The distinction 
between centralized also known as direct control strategies and decentralized also 
referred to as indirect control strategies can be found in who holds the decision-
making over the vehicle’s charging process. In case of decentralized or indirect 
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control strategies each PEV remains in full control, thus it is the vehicle itself, 
according to its owner’s preferences, the one who applies any alteration or 
modification affecting its charge. This obviously requires each PEV or its respective 
charging equipment to possess certain degree of intelligence. In the case of 
centralized or direct control each PEV bestows that right to an external entity such 
as the DSO or an aggregator, who is then responsible for managing directly the 
charge of all PEVs under its control [8][32]. It is argued [1] in this respect that 
indirect charging is a more promising concept since it is more likely to lead to 
consumer acceptance over direct external control.  
 
On the other hand mixed control strategies involve both kinds of control. In such 
cases normally the users bestow control under certain circumstances but perform 
their own when these conditions are not met; for instance when users allow DSOs to 
perform thermal management when the network is in need but also individually seek 
economic optimization of their PEVs’ charge or for example opting for a centralized 
thermal management and an indirect local voltage control. This latest concept was 
proposed and showcased by Haque et al. [13] to perform network management using 
both heat pumps and local PV generators with remarkable results. Generally due to 
their own nature, predictive strategies tend to work under a centralized scheme 
while any control strategy requiring individual user involvement logically would tend 
to operate more on real-time. 
 
No approach is really superior over the other a priori, both possessing their own pros 
and cons. While a direct control approach allows a more fine-tuned control, it also has 
greater computational and communicational needs to handle and operate with the 
information coming from all involved vehicles. Decentralized strategies on the other 
hand are generally lighter and faster but the resulting solution is generally not as 
well adjusted as the one offered by a centralized system [8]. Generally thermal 
management, as it affects the complete network, is performed under a centralized 
scheme while voltage management can be more easily perform with local 
measurements under a decentralized approach. Although decentralized approaches 
for congestion management also exist in the literarute, they are generally based on 
price signals sent by the DSO to affect the PEVs’ behavior. Nonetheless a really 
novelty approach is proposed by Sansawatt et al. [45], suggesting decentralized 
thermal management based on a sensitivity based approach. 
Focusing on the issue the different strategies want to correct, the following categories 
can be found: 
• Voltage Control Strategies: 
Voltage control strategies aim to resolve the different voltage quality issues, essentially 
voltage limit violations and/or unbalances, which increasingly affect distribution 
networks as a result of the ever-growing demand. Generally they rely on active power 
management to properly mitigate such distortions. This is a direct consequence of both 
the intrinsic characteristics of LV networks themselves, which present a high R/X ratio 
[8][13], as well as the fact that the internal charging control systems of PEV do not 
permit reactive power management [12]. 
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Among the different studies applying voltage control techniques, all relying on real-time 
and decentralized approaches, many solutions have been tested. The one conducted by 
Quirós-Tortós et al. in [10][11] proposes a voltage control mechanism working under 
different time steps that immediately triggers the vehicles disconnection (two-step 
control) when a voltage limit violation on its associated node is detected. Although 
simple and effective it also results in greater user impact. A more refined approach can 
be found in the analysis conducted by Martinenas et al. [12]. Employing two sets of 
variants for an active power droop-based control system, compliant with the existing 
charging standards and tested on real hardware, overall improvements of the voltage 
unbalances experienced by the test system were found. Also relaying on the use of real 
hardware through HIL simulations, the work conducted by Del-Rosario et al. [16] 
employs an even simpler approach disconnecting all controllable vehicles to stabilize the 
system after the intentional triggering of a line is caused. Finally the project carried out 
by Haque et al. [13] tested and compared different mechanisms of voltage control 
through active power management using HPs, both droop-based and step-based. It was 
found that the step-based offers finer control but also results in greater curtailment with 
both mechanisms successfully solving the system’s issues. 
• Thermal / Congestion Management Strategies: 
Thermal or congestion management strategies seek to correct and prevent the thermal 
overloading of the different system assets especially the distribution transformers and 
the head of the main feeders, which are being increasingly affected by ongoing rising 
consumption and generation flows. This is normally done through active power 
curtailment using centralized control strategies both using predictive and real-time 
approaches, though predictive strategies are more predominant. One of the key aspects 
in this kind of approaches is identifying which vehicles should be disconnected while 
applying the necessary corrective measures. This is normally done accordingly to 
different objectives pursued by the study such as minimizing the impact on users or 
minimizing the system losses among others. 
Among the different existing studies the most relevant are described below. Quirós-
Tortós et al. [10][11] complementary to their voltage control mechanism also include a 
thermal management centralized strategy operating under the same time steps on real-
time. This mechanism based on two-step control as well, calculates congestion 
parameters based on sensor measurements and then determines the total number of 
vehicles required to be disconnected accordingly to a priority system that ranks the 
vehicles in terms of the amount of time their charging process has lasted. This is done in 
an attempt to minimize the impact over the vehicles’ users. Although significantly 
complete, responsive, computationally light and robust, being tested on different 
network architectures, the system is not without its flaws since for instance it only 
considers the characteristics of a single commercial car model to exactly determine the 
number of PEVs that are required to be disconnected. 
Another interesting approach has been the one employed by Haque et al. [13] due to its 
usage of a flexibility offer centered tactic to correct network congestions. While adopting 
a Multi-Agent based structure, which helps to correct some of the traditional burdens of 
centralized approaches, and using both HPs and PV generators as the source of 
flexibility, the authors then formulate a centralized optimization problem to select the 
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most beneficial flexibility offer combination to successfully solve the problem and 
maximize the user comfort. 
On the other hand some other studies such as the one presented by Haque et al. [15] 
apply solutions closer to a future flexibility market scenario. By assigning a curtailment 
cost to each node, the selection of PEVs can be done seeking an economical optimum by 
the DSO. In the same line the work conducted by Esmat & Usaola [20] additionally 
considers the energy payback costs derived from the rebound effect and other studies 
such as the one completed by Verzijlbergh et al. [21] also incorporated the effects the 
charging of the PEV themselves will have on the retail prices. Finally the work of 
Spiliotis et al. [9] performing a DC power flow analysis and using battery systems to 
alleviate network congestions, revealed that thermal management represents an 
effective substitute to grid reinforcements, although still a significant contribution of 
iRES generation curtailment was needed.  
• Unified Voltage and Thermal Management Strategies: 
As its name suggests unified voltage and thermal management strategies intent to 
simultaneously target both voltage and thermal issues affecting the distribution 
systems. Not only are these combined approaches the most desirable ones since they 
ensure a compatible coordinated action to correct the two main issues affecting current 
distribution networks, but as pointed out by Haque et al. [13][15] they also are the ones 
most aligned with and recommended by future flexibility market based framework such 
as USEF [22]. 
Most studies falling under this category generally employ separate coordinated thermal 
and voltage controls and as both the thermal and voltage strategies employed have 
already been perfectly illustrated while addressing them separately within the previous 
sections, to avoid repetition, no further aspects will be covered here. Nonetheless the 
work of Pillai et al. [44] must also be highlighted since, contrary to previous works, it 
executes a vehicle curtailment by elaborating a combined priority list simultaneously 
considering both voltage and thermal problems at once. 
Finally another key aspect to consider is how the different charging strategies perform 
the car selection when performing network management. Accordingly the following types 
can be identified: 
• Economic Optimum: 
These charging strategies perform a selection of the vehicles trying to optimize either the 
user participation cost or the management costs for the system operator. One vital risk 
of these types of price-based approaches, as it has been pointed out in several studies 
[20][21], is that they tend to cause power surges if not properly handled. As users 
respond to the same price signals when these are low motivated for example by a spike 
in wind generation, if no communication or coordination between them exists, they are 
all driven to suddenly start or resume the charge of their vehicles at once, resulting in an 
enormous stress for the power system.  
An illustrative project within this category is the one presented by Verzijlbergh et 
al.[21]. The authors seek to achieve the optimal tariff, which will result in a PEV 
cumulative charging profile that ensures grid constrains are met. For this a quadratic 
optimization is performed considering a net charging cost, which is the combination of a 
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variable grid tariff and a wholesale electricity price composed of a fixed average term 
and a variable one depending on the total existing PEV demand. It is found that 
achieving such an optimal tariff is extremely complex and approximate solutions deliver 
even worst results than an unconstrained charge scenario. Three alternative techniques 
are suggested by the authors to reach that unique optimal tariff, two of which impose 
enormous computational and communicational burdens and thus their application 
results impractical. The remaining one an auction-based allocation of the remaining 
estimated grid capacity seems to be the most feasible alternative. Nonetheless this arises 
another conflictive issue, also common for these types of solutions, which is that they 
tend to force the DSO to adopt roles completely out of their traditional scope, where they 
have absolutely no experience at all such as estimating the daily PEV load considering 
factors as diverse as driver behavior. This would result in a larger error margin 
deteriorating the quality of the final result. It is therefore advisable to simplify as much 
as possible the role of the DSO[20]. 
• Comfort Maximization / User Impact Minimization: 
In this case the selection criteria used to answer which vehicles should be selected is 
based on either minimizing the impact or equivalently maximizing a predefined comfort 
parameter. This is a clever and recommendable first approach for any new strategy 
especially involving electric vehicles, to combat the user’s anxiety over reaching a 
minimum charging level and allowing them to familiarized themselves with the system. 
For instance Quirós-Tortós et al. [10][11] employ the charging time as an indirect 
measure of the vehicles SOC level and then favor those with the smallest charging times 
to ensure all vehicles can reach an acceptable level. 
• Selective / Impact-Based: 
Other control techniques, especially decentralized based approaches generally estimate 
sensitivity based parameters in order to address the impact each potential node has on 
the system and then prioritize the usage of those that will have the higher impact. 
Although this could also be seen as a user impact minimization or economically optimum 
solution, since it could be argued that a minimum amount of elements would be utilized, 
this would generally involve the overuse of the exact same vehicles, which could 
potentially drive user discontent resulting in both a cost increase or encouraging 
withdrawal. Examples of this method can be found in Haque et al. [13], who propose an 
alternative sensitivity based voltage control for the heat pumps, as well as in Sansawatt 
et al. [45], using a decentralized thermal management. 
• At Random: 
Finally some studies simply do not use any objective criteria for the car selection. This is 
because the primary objective of the control schemes they propose is simply more focused 
on showcasing how a controlled integration of PEV is indeed beneficial for the system 
and how, under such approaches, high penetration levels of vehicles can be safely 
managed and connected to the system. For instance Pillai et al. [44] ,while defining their 
PEV priority list, utilize three different criteria while giving preference to the different 
PEVs. First they cover two scenarios where preference is simply giving to the cars at the 
end and head of the feeder respectively and one last case where the priority is randomly 
distributed among all available cars. Another interesting case is provided in the work of 
Lopes et al. [43]. This predictive-based method aims to establish the maximum share of 
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PEV a network can withstand. In their work the authors randomly disconnect fixed 
small steps of vehicles in the affected areas on a loop until the problem is solved. 
Nonetheless they create a priority list for their reconnection based on how long a vehicle 
has remained disconnected. 
 Main Findings 3.3
After careful review of the existing literature, meaningful insights for the algorithm’s 
design have been obtained.  
First of all it is important to notice that real-time reactive algorithms are superior to 
their predictive counterparts when a functional and practical implementable system is 
the main pursued goal. In contrast to predictive algorithms, which generally need pre-
known network behavior and rely on continuous load flow calculations requiring a full 
knowledge of the network structure; simpler real-time algorithms can easily operate 
without being provided any of these parameters. This, as it pointed out by Quirós-Tortós 
et al. [10][11], makes them way lighter, both from computational and communicational 
perspective, as well as much easier to be adopted. 
In the same line, even with real-time strategies, both computational and 
communicational limitations might be reached when using centralized based solutions. 
In this respect the best approach is to opt for decentralized controls as frequently as 
possible, but even those can be problematic if a high degree of coordination between the 
different local units is required. As it is showcased by Haque et al. [13], an interesting 
solution to these problems is to adopt a Multi-Agent based structure. The existence of 
multiple level agents allows to effectively ease both constrains by distributing the 
computational needs between the agents and thus also reducing the amount of 
unprocessed data required to be shared. At the same time the adoption of such a 
structure also facilitates and supports the transition towards future flexibility markets 
since it already establishes multiple intelligent agents capable to interact with each 
other and later respond to different market price signals. 
Another important conclusion is the overall lack, in most of the reviewed studies, of any 
assessment of the proposed managing mechanisms on any real hardware or systems. Of 
the reviewed literature only the works of Del-Rosario-Calaf et al. [16], Martinenas et 
al.[12] and Quirós-Tortós et al. [10], [11] presented some degree of validation through 
practical tests. This is however a crucial step, not just to test the proposed control 
mechanism under the most real conditions possible, but also to ensure its compatibility 
and proper behavior under current communication protocols, standards and hardware.  
Finally as it is pointed out in the work of Verzijlbergh et al.[21], a great amount of the 
proposed control strategies simply try to showcase that they are indeed beneficial for 
grid operation. However they do not seek to fulfill any particular objective. Conversely 
the most interesting solutions are those that are capable of satisfying different objectives 
such as minimizing user impact, reducing the total charging cost or optimizing the 
system operation while satisfying the network operational constrains. In this respect it 
can be concluded that, at first, it is important to choose to minimize user impact in order 
to obtain a high degree of satisfaction and engagement. 

  
~ 29 ~   
4. Proposed Algorithm 
In this section a detailed description of the designed control algorithm is presented. First 
a brief overview covering its main general features is done. This is then followed by a 
description of the adopted Multi-Agent structure, defining the different involved agents 
and their interactions. Afterwards a complete explanation of the thermal and voltage 
control strategies is shown, presenting the different thermal toolboxes and highlighting 
their main advantages and limitations. Finally the coordination and interaction between 
both controls and the complete algorithm’s flowchart are presented. 
 Overview 4.1
In order to fulfill the requirements exposed in the opening chapter, fully considering the 
different insights obtained after performing a complete revision of the state of the art, a 
real-time, mixed and unified control algorithm seeking to minimize user impact is 
proposed.  
As set by the initial constrains, the envisioned system would be required to manage both 
network thermal and voltage constraints as they arise on real time. Furthermore 
crafting a real-time reactive algorithm already offers significant benefits in terms of 
guaranteeing its universality, ensuring the resulting system can be easily applied to any 
distribution system with none or simply minor modifications, as well as restraining its 
total associated communication and computational requirements. 
In order to fully achieve a proper real-time operation that effectively manages voltage 
and thermal issues, a mixed control strategy, involving a centralized congestion 
management reinforced by a local voltage control, has been found to be a feasible 
solution. Whereas the nodal voltage management can be more effectively performed 
using local measurements under an indirect control method, an efficient way to 
formulate an optimized thermal control that minimizes user impact while ensuring all 
grid constraints are respected is to use a centralized approach.  
Therefore the proposed control algorithm, drawing inspiration from Haque et al. [13], 
employs a centralized flexibility offer based thermal management implemented under a 
Multi-Agent structure. The adoption of such a structure allows not only to correct some 
of the traditional burdens of centralized approaches, such as both communication and 
computational constrains, but also supports the transition towards future flexibility 
markets and offers versatility for later expansions of its functions. This control is then 
reinforced and combined with a local voltage management, based on an active power 
sensitivity parameter estimation, which is responsible to maintain the local voltage 
above its minimum stipulated limit.  
The application of the proposed algorithm has additionally been designed to require the 
minimal amount of grid measurements for its operation. This has been done to ensure its 
application in most present distribution networks where the amount of real time data 
DSOs posses is very limited [14], struggling to detect the triggering of local lines and 
customers out of supply. Although the situation is improving with the progressive 
deployment of Smart Meters, it is important to guarantee a proper behavior of the 
designed control system while using the least amount of information, in order to 
minimize the total amount of additional required sensors, as well as to reduce its total 
implementation costs.  
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Additionally, as it was required, the proposed control has been conceived to fully support 
the current charging standard IEC 61851-1 [29][30] and to be applicable under the legal 
coverage provided by the German “EnWG § 14a” act [23] assuming a bilateral agreement 
between the DSO and the different users needs to be reached. Although an algorithm as 
complete as possible was envisioned, on its present state only charging mode 3 combined 
with slow and fast charging has been considered.  
Finally it is important to highlight that both control mechanisms have been designed to 
correctly work in synergy and seamlessly interact with each other. 
 Multi-Agent Structure 4.2
As it has been already pointed out, the usage of a Multi-Agent structure reports many 
different benefits. Not only it reduces both communication and computational constrains 
by distributing the total system intelligence, but also offers a malleable foundation that 
makes future expansions or corrections easy to be applied. 
The Multi-Agent structure adopted for the proposed charging control algorithm is 
presented in Figure 1. As it can be appreciated three main types agents have been 
defined within the low voltage distribution framework: the car agents, the charging 
station agents and the transformer agent. Their main functions and interactions are now 
explained: 
• Car Agents: 
The car agents are responsible for: 
1) Handling the two main electrical specifications of the car, relevant for its connection with any 
charging station, such as its maximum allowable charging current (!!!"!") and its maximum 
charging speed (1-Phase AC or 3-Phase AC) (!"!!").  
2) Managing the control participation preference given by their respective users (!). 
3) Communicating them to their associated charging station agent once connected. 
This design of the car agents results extremely beneficial since it allows them to be 
completely independent from any charging station. Although not relevant if the users 
only rely on home charging, this feature is highly interesting since it allows the same 
exact behavior even when the drivers opt for charging their cars at any public charging 
station. For the present project only a Boolean style participation preference has been 
contemplated, either no participation (! = 0) or active participation (! = 1). 
• Charging Station Agents: 
The charging station agents are responsible for: 
1) Receiving the information provided by the car agents. 
2) Determining the “Status” of the connected PEV. Four cases are defined: 
a) Status 0: No PEV is connected to the Station. 
b) Status 1: A PEV is connected but not charging / Full charge not reached. 
c) Status 2: A PEV is connected and charging / Full charge not reached. 
d) Status 3: A PEV is connected but not charging / Full charge reached. 
3) Receiving the station owner “Authorization” on whether it is allowed to participate or not in 
network management. (!"#$$%$&'). (No participation (!"#$$%$&' = 0), active participation (!"#$$%$&' = 1)). 
4) Handling the main specifications of the charging station such as: 
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a) Feeder of Origin. (!""#"$) 
b) Maximum allowable charging current. (!!!"!") 
c) Charging speed (1-Phase AC or 3-Phase AC). (!"!!"). 
d) Current Control Step.(!"#$%) 
5) Enabling or forbidding the combo PEV-Charging station to participate in network 
management according to: 
a) The PEV user preference. (!). 
b) The Station Owner Authorization. (!"#$$%$&') 
c) The Status of the PEV. 
6) Crossing the charging station and connected vehicle characteristics, determining the 
resulting maximum charging current and connection (1-Phase AC or 3-Phase AC). 
7) Receiving the voltage measurements provided by the local sensors. 
8) Executing the local voltage control. 
a) Determining and tuning the voltage-active power sensitivity parameter. 
b) Determining the maximum permissible charging current in terms of: 
i) The control security factor established by the DSO. (!). 
ii) The existence of additional thermal restrictions. 
9) Receiving the Reloading / Curtailment requests from the transformer agent. 
10) Elaborating the Reloading / Curtailment flexibility offers. 
11) Communicating the flexibility offers to the transformer agent. 
12) Receiving and executing the Reloading / Curtailment commands sent by the transformer 
agent. 
 
Figure 1: Multi-Agent Structure for the Proposed Control System 
Before continuing some aspects are clarified: 
First of all the four PEV “Status” tags here presented are self-defined labels inspired by 
the work of Quirós-Tortós et al. [10], [11], used to correctly identify the state of the 
involved PEVs and properly execute the required control measures. These do not directly 
correspond with the different vehicle status defined in the IEC 61851-1 standard 
[29][30], although they can be easily determined using the data accessible by the it, as 
Sensors: 
          Apparent Power 
          Current 
          Voltage 
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the standard permits to know whether a vehicle ready to be charged is connected. This 
fact already makes status 0 and 2 easy to detect. The only problem would be to 
differentiate status 1 and 3, which can be simply done consulting if any management 
restriction exists over the charging process, if not and the corresponding vehicle is not 
charging, it must be attributed to the fact a full charge has already been reached, 
indicating that the car is in status 3. An easier alternative mean could be just consulting 
the vehicle’s SOC. However this information is not directly accessible through the charge 
standard and thus cannot be used for its practical implementation. In any case, since in 
the present study modeling the vehicle’s battery was required to stop the charging 
process, this last procedure was adopted, considering a vehicle reaches full charge with a 
SOC>=99%. 
Secondly one last aspect that might need some additional explanation is the current 
control step (!"#$%). This parameter accounts for the minimum change in the charging 
current that the charging station can apply, expressed in amperes. All the charging 
stations considered in this study are compliant with the IEC 61851-1 charging standard, 
which defines that the permissible current levels range from a 6A minimum to a 80A 
maximum with a fixed 1A varying step. Nonetheless this parameter is included in case 
some existing stations would not be compatible with it or the standard itself evolves in 
the future. At the same time, as it would be later detailed, the current step is not always 
1A, even during the normal execution of the algorithm. For instance when a 
disconnection or a reconnection offer is made, since the minimum charging current is 6A, 
the current step then submitted by the charging station is precisely 6A. 
• Transformer Agent: 
The transformer agent is responsible for: 
1) Receiving the current measurements given by the sensors at the head feeders. 
2) Receiving the transformer loading measurement provided by its power meter. 
3) Receiving the transformer and the head feeder’s ratings. 
4) Estimating the “Utilization Factors” of both transformer and feeders using the control 
security factor established by the DSO (!). 
5) Sending the Reloading / Curtailment requests to the charging stations. 
6) Receiving the flexibility offers from the station agents. 
7) Classifying and routing the flexibility offers in terms of feeder of origin. 
8) Executing the thermal management optimization in terms of: 
i) Optimization preferences selected by the DSO: Toolbox & Objective. 
9) Routing the resulting commands in terms of their charging station of origin. 
10) Communicating the Reloading / Curtailment commands to the different charging stations. 
Further details on the utilization factors and the thermal optimizations are later 
presented when the thermal control is described. Additionally Figure 1 also presents the 
required sensor arrangement throughout the network for the proposed control scheme. It 
consists one local voltage sensor locally per each charging station, one current sensor to 
be installed in the head of each major feeder and lastly one power meter which must 
measure the total loading of the distribution transformer. This perfectly aligns with the 
premise of maintaining as low as possible the required amount of network modifications 
and also ensures a minimum data traffic to ease both communication and computational 
constrains. 
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Finally one important aspect to clarify is the physical allocation of these agents. Both the 
transformer and the charging station agents introduce no significant problems since they 
can be easily integrated as part as the substation control systems and as part of a home 
energy management system respectively. In the case of public charging stations different 
possibilities exist, such as incorporating an additional physical controller to the charging 
station or managing the stations through a cloud-based system. For the sake of avoiding 
communicational and computational constrains, the first alternative is preferred over 
the second, although if properly distributed, a cloud-based control could be perfectly 
operational and deliver a more economically optimal solution. The same dilemma is 
found when dealing with the PEVs themselves to integrate the car agent. In this case, 
and since the car agents do not have any computational requirement; a cloud-based 
scheme would definitely prove the most beneficial. There the user could introduce all the 
necessary data and by a unique ID associated to each individual, the charging station 
agent could download those preferences once a connection has been established. 
4.2.1 Control Communication Sequence  
The objective of this section is to briefly present the normal control communication 
sequence between the different agents. In order to complement and reinforce the 
explanation a Unified Modeling Language (UML) diagram depicting the interactions 
between the agents is provided in Figure 2. 
 
Figure 2: UML Diagram: Interactions between Agents 
Before moving any further, it is important to clarify that the notation of “Pool” presented 
in Figure 2, as well as the discontinuous-lined elements on the right side, simply denote 
that those are virtual, in other words, they have also been simulated. As it will be later 
explained in the following sections, when covering the different study cases, with the 
exception of the simulations conducted using HIL, which contain physical PEVs, 
charging stations and sensors, the remaining ones only rely on virtual models. However 
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this is of no relevance to understand the communication sequence between the agents 
and it is advised to simply not take it into consideration.  
Once this has been explained, the communication between the agents can be now 
covered. First of all, the DSO begins by communicating all the fundamental parameters 
necessary to perform both thermal and voltage management to the transformer agent. 
These parameters include the voltage and current security factors, the transformer and 
feeder ratings, the selected optimization preferences and of course both thermal and 
voltage control time steps since both control schemes operate in a discrete time basis. 
This can be appreciated in the bottom of the frame. Then, after receiving them, the 
transformer agent communicates the corresponding voltage security factor and time 
control step to the different charging stations located downstream. Defining the system 
in such a way allows the DSO to fine tune different control time steps to be applied in 
different network branches if necessary. 
At the same time, on a continuous basis, as new PEVs and charging stations become part 
of the system, their respective agents are defined and updated with the necessary data 
for their normal operation. This includes their main characteristics and features as well 
as their users’ preferences. When a new charging station is installed and is willing to be 
involved in network management, a participation agreement with the DSO under the 
“EnWG § 14a” act [23] must be reached. Once this is done, the DSO preferences are then 
communicated to the charging station agent and the local voltage control features 
installed so the new station can be seamlessly incorporated to the undergoing control. 
Although the possible nature of the agreements has not been covered, it has been 
considered, for the sake of allowing the algorithm to be compatible with public charging, 
that in such cases both the car user and the station owner will have to express their 
consent for the tandem vehicle-station to qualify to participate in network management. 
This is due to the legislation being quite open and not imposing any particular 
restrictions except specifying that the participating users will receive an economic 
benefit. 
When a PEV is connected to a charging station, the car agent sends to the station agent 
its electrical characteristics as well as its driver preference considering network 
management. It is then when the charging station agent combines this data with its own 
features and determines the resulting properties of the vehicle-station pair. These 
include the net maximum allowable charging current, the resulting connection (1-Phase 
AC or 3-Phase AC) and the possibility of the duo to contribute to the dynamic control of 
the distribution network. 
With the algorithm properly in place and running, as the connection of multiple PEVs is 
being produced across the network, the control system will start correcting and 
managing their charging process. 
Therefore in the respective time steps specified by the DSO for both thermal and voltage 
control, the transformer and charging station agents would request the measurements 
provided to them by their corresponding associated sensors. Then, by comparing the 
received data with the security factors provided by the DSO, the required control actions 
are taken. It is important to notice that only those charging stations that have a vehicle 
enabled to participate in network management can execute these actions.  
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In the case of voltage control, locally the charging station agent examines the local 
voltage measure with the allowable lower limit, if the voltage is below it a curtailment of 
its charging power is executed, if it is above it, the charging power is further increased in 
order to remain just above the limit. This charge increase is done providing that no 
additional limitations exist and that charging current is not already at its maximum.  
On the other hand the execution of the thermal management results in a richer 
communication between the different agents. Once the transformer agent receives both 
the transformer and the feeders loading measurements, it determines if any margin of 
loading increase exists within the network. If so, a flexibility request for current increase 
is issued to all the participating charging station agents. These, considering their 
existing restrictions on their maximum allowable current, issue a flexibility offer back to 
the transformer agent. Then, the thermal optimization is performed through the 
preferences and toolbox specified by the DSO and a set of flexibility commands is sent to 
the station agents. At the same time, considering the resulting changes in the vehicles 
charging currents, the new network loading parameters are calculated and in the case 
any congestion is detected, the same procedure is executed again but this time 
requesting curtailment offers. 
 Unified Thermal and Voltage Control 4.3
After the different involved agents and their relations have been properly explained, this 
section will cover in detail the fundamentals behind both the thermal and voltage 
management schemes. This will be done by first individually describing their respective 
functionalities and then addressing their integration. Although it has already been 
hinted in the previous discussion, it is crucial to remark that a pair vehicle-station can 
only actively participate in the network management, both through voltage and thermal 
control, if the three following premises are satisfied: 
i The charging station owner has signed a participation agreement with the DSO. 
ii The vehicle driver authorizes his/her car involvement. 
iii The vehicle is either in status 1 or 2. 
Under these circumstances the tandem is “Enabled” to actively take part in the 
management process. As it was previously explained it is not under the scope of this 
project to define the nature of the possible arrangements between the parties. It is 
obvious that in the case of home charging that the users directly benefits for the 
participation of their own vehicles. In the case of public charging the economical benefits 
could be divided between the station owner and the drivers. However, again, it is not the 
objective of the current project to address such questions.  
At the same time another three vital aspect to consider for the system design are:  
• The fact that due to their internal OBC: 
i No control over the vehicles’ reactive power demand is possible.  
ii The control is tuned for a solely net demand of active power. 
• Only charging mode 3 (using externally exclusive charging infrastructure) combined with 
single-phase AC (slow) or three-phase AC (fast) charging has been considered. 
• The admissible charging current levels and variations are set by The IEC 61851-1 standard 
[29][30], which consequently allows the control of the total active charging power. 
Finally it is important to highlight that both the voltage and thermal management 
approaches operate in a discrete time basis and that their design has been done seeking 
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to satisfy two essential principles: simplicity and functionality. Namely both control 
schemes have been crafted trying to obtain a complete management system as simple as 
possible yet capable to deliver satisfactory results. This was done in order to fulfill the 
premises that the resulting algorithm could be easily integrated and used within any 
current network.  
4.3.1 Decentralized Voltage Control 
First of all it is important to bear in mind the two main conditions under which the 
voltage control system will be designed: 
• Firstly it must be a local control system, meaning each vehicle must regulate its own node. 
• Secondly the control system must satisfy that the average RMS voltage estimated every 10 
minutes at the node must not exceed the lower boundary defined by a -10% deviation from the 
nominal value established by the European standard “EN 50160:2010. 
Notice that only the lower limit has been considered. This assumption comes from the 
fact that no V2G functionalities are considered, in which case PEVs will only be 
responsible for voltage drops by demanding power during their charging process. It is 
nonetheless true that under significant unbalanced conditions in a not grounded 
network, single-phase charging could result in a voltage rise in the remaining 
phases[12], effectively reaching the upper limit. This situation however has not been 
considered. 
4.3.1.1 Background: Droop-Based Control- Major Problems 
Taking these conditions into consideration and following a careful review of the existing 
literature, it was found that an efficient and simple voltage control approach, capable of 
delivering satisfactory results was precisely to employ a droop-based control [12][13]. 
This control is based on the same principle applied in big power plants to manage the 
network frequency through active power regulation. Therefore after establishing two 
voltage control thresholds, a pseudo-linear relation is then determined associating the 
maximum charging current to the upper control threshold and the minimum to the lower 
one. The reason behind this pseudo-linear relation is no other but the restrictions in 
current variation imposed by the IEC 61851-1 standard itself. A perfect example of this 
type of control can be found in the work of Martinenas et al.[12], whose proposed droop 
control scheme is presented in the graph below. 
 
Figure 3: Local Voltage Droop Control System proposed by Martinenas et al.[12] 
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As it can been in Figure 3, the authors propose two different droop variations, 
represented by the black continuous and dashed lines, depending on if the considered 
vehicle will be disconnected or remain charging using the minimum current (6A) once 
the lower threshold has been exceeded. Complementary in red the resulting ideal linear 
relation can be seen if the 1A step given by the standard is disregarded. The proposed 
droop has been designed to be applied using a Nissan Leaf, which has a maximum 
charging current of 16A, for which the authors have defined the following voltage control 
thresholds: 
• Upper voltage threshold (!!"! = 0.95) / Lower voltage threshold (!!"! = 0.90). 
Its behavior is easy to understand. When the nodal voltage is: 
• Above the upper threshold: no limitations over the charging current exist and so the 
vehicle can charge at full power.  
• Below the lower threshold: either the vehicle charge is put on hold (Real droop 2) or 
continues at its minimum allowable current (6A) (Real droop 1). 
• In between thresholds: the maximum allowable charging current is determined using 
the pseudo-linear relation between the limits. 
As a direct consequence of its apparent benefits, a droop control system, similar to the 
“Real droop 2” presented by Martinenas et al.[12] was first designed and implemented. 
Nonetheless such system was finally discontinued and replaced with a new alternative 
after, as major limitations and drawbacks were found after conducting various tests.  
Two major reasons make a droop solution undesirable: 
1. The first fundamental problem that exists with a droop approach is that, although 
the lower control band can be easily identified using the limit established by the 
norm (!!"! = 0.90), the upper control threshold cannot be so easily deducted as it 
depends entirely on the structure of the grid as well as on the effects of the car load 
on it. Although the droop will work by setting an arbitrary upper limit, this is 
completely inefficient. For instance let’s consider a particular node where due to the 
normal system loading, the voltage already falls below that arbitrary upper threshold 
even without the presence of any vehicle’s charging demand and on the top of that, 
that the addition of the car load does not result in any significant voltage variation 
since its magnitude is much smaller than the other existing loads. Therefore this 
particular PEV will be force to charge at a lower rate when even charging at full 
power will not cause any significant difference to the voltage profile and moreover 
there is yet no voltage violation at all since the voltage has not fallen below its lower 
limit.  
 
2. The second major problem is that a drooped based system, even if an appropriate 
upper limit could be set using a network voltage-active power sensitivity parameter, 
will result in an inappropriate control system since it will exhibit an oscillatory 
behavior. This can be easily understood just by examining the normal behavior of a 
droop system. When, due to a external perturbation, the voltage falls within the 
control thresholds (!!"! and !!"!) the PEV will lower proportionally its charging 
current. If the upper voltage limit has been properly tuned, this correction in the 
charging current will cause the nodal voltage to increase and correct the deviation, 
resulting in a new nodal voltage just above the upper voltage threshold. Therefore in 
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the next control step the car out of any control limits, will resume its charging at full 
power causing the voltage to fall again inside the control bands and repeating the 
cycle. 
4.3.1.2 Proposed Solution: Sensitivity Based Control 
In order to execute a proper voltage control overcoming the most crucial uncertainties 
and disadvantages of the previous droop systems, a new sensitivity based approach has 
been designed. 
Inspiration for the conception of this control was derived from the work of Haque et al. 
[13] were also a voltage sensitivity based control is proposed as a variant to their droop 
based system. However the authors still envision a voltage management system relying 
on two voltage bands that, instead of relaying on a lineal power variance between them, 
employ the nodal voltage-active power sensitivity parameter !" !" ! to determine the 
required change in the active power. These sensitivity parameters vary with time 
depending on the state of the network and strongly rely on grid topology. Haque et al. 
[13] argue that in a radial LV distribution network, the sensitivity remains mostly of the 
same order and can therefore be communicated by the DSO to the local control 
mechanism. They can be obtained using the Jacobian matrix through an off-line power 
flow calculation and be later updated if any change in grid topology occurs. 
Although interesting, two main problems can be found within this solution. First this 
alternative does not seem to correct the main problems that also affect a droop based 
control since, by using two voltage bands, it would still present an oscillatory behavior. 
What is more the estimation of the nodal sensitivity parameters suggested by the 
authors is incompatible with the algorithm’s premises, since it would require detail 
knowledge of the studied network. Consequently a new control method that addresses 
these limitations while relying on its core on the usage of the nodal voltage-active power 
sensitivity parameters !" !" ! is now presented. 
The main idea behind this approach is to achieve a behavior similar to the one exhibited 
by a programmable logic controller, forcing the car to charge at the required rate in order 
to follow a reference voltage value of choosing (!!!). Therefore by measuring the local 
voltage !!  and comparing it to the selected voltage threshold !!! , the new control will 
determine, using the nodal voltage-active power sensitivity parameter !" !" !, the 
vehicle’s maximum permisable charging rate so that the voltage !!  can be kept just 
above the threshold value (!!!). Subsequently this new structure effectively corrects the 
two main issues affecting a droop based approach since only one voltage boundary is now 
required and thus no oscillatory behavior is expected to happen as no control band in 
and out dynamic can now be established.  
Since PEV essentially just demand active power due to their OBC and the charging rate 
is controlled by setting their maximum charging current, it is much more practical to use 
instead the nodal voltage-charging current sensitivity parameters !" !!!! !. Again the 
crucial aspect for the correct execution of this control method relies on how to properly 
estimate them. To do this, in contrast to the method proposed by Haque et al. [13], a 
simple perturbation approach will be employed. Measuring the local changes in voltage 
produced by a change in the charging current these local sensitivity parameters can be 
estimated.  
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The voltage control is executed on a discrete time basis. In order to correctly satisfy the 
standard and reduce the computational needs, an execution time step of !! = 30! has 
been considered appropiate. As the sensitivity parameter will change over time 
depending on the state of the network, every time the voltage control applies a change to 
the vehicle’s charging current, the sensitivity parameter is updated. The updated 
sensibility value will then be used for the next control cycle. Since the sensitivity 
parameter used to determine the required current change is the one updated in the 
previous control cycle, when a vehicle is first connected, an initial estimation of the 
sensibility value is required. Thus an initial calibration period is defined, when the 
vehicle for at least two voltage control cycles is not allowed to participate in the network 
management. During this period, in between the voltage control execution times, to 
avoid disturbing the sensitivity estimation of the already connected vehicles, the car 
intentionally modifies its charging current and determines its nodal sensitivity. 
Afterwards the car can be incorporated to the normal control dynamic. 
Furthermore to guarantee an adequate behavior the following precautions have been 
taken:  
• In order to minimize the possible interference caused by the simultaneous changes 
other network loads could also have undergone, whenever a new value for the 
sensitivity parameter is computed, the resulting value is determined as the average 
between the previous value and the one currently estimated. 
• The voltage-charging current sensitivity parameter is by nature a negative value 
since an increase in the charging current translates in a corresponding voltage drop. 
Therefore only new values are considered whenever they take admissible values and, 
to further avoid external interference, when the vehicle modifies its charging current.  
• Finally all vehicles are requested to behave in a synchronized manner by executing 
their voltage management at 0 and 30 seconds past every minute. This guarantees 
that if any cluster of vehicles exists within the same node, they will detect each other 
when estimating their sensitivity parameters and consequently result in a 
coordinated control. In order to ensure some adequate margin of error, the voltage 
and the current variations are measured by taking their values one-second prior and 
one after the voltage control is executed. 
The mathematical description of the control is now presented in Table 2: 
It is significant to notice the need of using the “floor” and “round” functions in order to 
deliver an integer value and be compliant with the charging standard. Moreover it can 
be seen that in order to compensate the uncertainty and possible errors in the estimation 
of the sensitivity parameters, and to attempt to guarantee no violations of the voltage 
threshold would happen, the reloading operation has been designed to be much more 
restrictive. Not only a floor approximation to the next integer is imposed but also a 
vehicle can only resume its charging process until no violation of the threshold would 
happen for a 7A charging current.  
Finally some last relevant aspects will be highlighted: 
• The voltage control only requires the usage of local voltage sensors. The current magnitude 
can be directly obtained from the charging station. 
• The voltage threshold is calculated using a small security margin given by the DSO to ensure 
a proper operation. In this case a !!! = 0.905 !" has been used. 
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• Single-phase cars use the corresponding phase voltage to apply the control, while three-phase 
cars use the lowest of the phase voltages at each time step. 
• It is entirely coordinated with the thermal control as it is later explained. 
• Finally one important limitation of the current system can be found in the case of a high 
imbalanced network with a floating neutral. In such case, the connection of single-phase 
vehicles will cause the voltages on the other phases to rise, leading to potential violations of 
the upper limit. Since the current system is designed only to account the lower voltage limit, 
those violations would not be corrected.  ∙! Subscript referring to the station-car pair i and its corresponding node. 
N
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∙  Floor Function. ∙  Round Function. !!! ! Existing charging current (A). !! Phase-to-ground voltage measurement (pu). !!! Voltage control threshold determined by the DSO (pu). !!"#$%! Maximum charging current of the tandem station-vehicle (A). !!"#$!! ! Maximum permissible charging current by the voltage control (A). ∆!!!!! Current variation determined by the voltage control (A). !" !!!! ! Voltage-charging current sensitivity parameter. ∆!!!!! = (!! − !!!) !" !!!! !  !!"#$!! ! = max( !!! !  ,min( !!! ! + ∆!!!!! , !!"#$%!)) !" !!! ! < 6A  & !!"#$!! ! < 7A → !!"#$!! ! = 0 !" !!! ! < 6A  & !!"#$!! ! = 7A → !!"#$!! ! = 6A !"#! →  !!"#$!! ! = !!"#$!! ! 
!" !! ≥ !!!  Reloading 
∆!!!!! = (!!! − !!) !" !!!! !  !!"#$!! ! = max( 6A ,min( !!! ! − ∆!!!!! , !!! !)) !" !!! ! − ∆!!!!! < 6A  → !!"#$!! ! = 0 !"#! → !!"#$!! ! = !!"#$!! ! !" !! < !!!  Curtailment 
Table 2: Proposed sensitivity-based local voltage control. 
4.3.2 Centralized Thermal Management 
Following a careful review of the existing literature an optimized, centralized and 
discrete time based thermal management control that ensures all grid constraints are 
respected and minimizes user impact is proposed. The designed control employs a 
flexibility offer tactic under a multi-agent based approach motivated by the work of 
Haque et al.[13]. and draws inspirations from the cumulative charging time centered 
ranking used by Quirós-Tortós et al. [10][11] to deliver, through three alternative 
optimization toolboxes, with their respective target functions, a minimal impact upon the 
user. To ensure a proper understanding of its functionality, its execution will be now 
explained following a sequential basis.  
In the same way as the voltage control was configured, the thermal management is also 
executed on a discrete time basis. As it is pointed out by Quirós-Tortós et al. [10][11] a 
good indicator to measure the assets’ overloading, considering their thermal time 
constant, is to look at their hourly loading. Thus taking this into consideration and 
seeking a compromise trying to reduce the total computational and communication 
needs, as well as obtaining an adequate thermal control, an execution time step of !! = 300! has been considered appropriate. Additionally looking to deliver a coordinated 
action with the voltage control system, the thermal management is executed every 5 min 
just prior to the 10th voltage control action in a row. This is later clarified in the following 
section, when the complementary action of both systems is presented. 
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Every execution time, the transformer agent receives the power and current 
measurements from the transformer and the head feeders and estimates the assets’ 
utilization factors. These utilization factors are used as a metric to quantify the loading 
of the assets and determine the necessary course of action. A single one is defined in 
terms of power for the transformer (!) and three for every feeder “i” defined in terms of 
current to account for each individual phase “j” (!!"). They are all calculated as the 
present loading of the asset (!! , !!!") minus its rated capacity (!!"#$% , !!"#$!!"  ) times a 
security factor specified by the DSO (!). This security factor is introduced to further 
guarantee the integrity of the network and, as it will later become clear, because of the 
operational constrains of some of the optimization toolboxes. Although this factor can be 
tuned and optimized for each particular network by trial and error, a value of ! = 95% 
has been considered motivated by the findings of Quirós-Tortós et al. [10][11]. In other 
words a total executional error margin of 5% is assumed for the thermal control system. 
Assuming a total “n” number of feeders, with phases a-b-c, connected to the distribution 
transformer, the utilization factor vector (!! ) is defined as: !!(!!!!,!) = ! !!! !!! !!! …!!" !!" !!" !   ! =  !! − !!"#$%  !!!" = !!!" − !!"#$!!"  !  ∀ ! = 1, . .!;  ∀ ! = !, !, !  Utilization  Factor Vector 
Once the utilization factor vector has been determined, according to its values, a 
reloading, curtailment, or none flexibility request will be issued. It is important to bear 
in mind that the thermal control is designed to operate in terms of the asset’s maximum 
admissible limits, given by their rated capacity and the security factor ! . It is the 
violation or not of these limits, or equivalently, the sign of the utilization factors, the 
criteria that determines the undergone control actions: !" !"# !!" < 0 & ! < 0  ∀ ! = 1, . .!;  ∀ ! = !, !, !  Issue a Reloading Request !"#!$% ! < 0 & !!" ≥ 0  !"  {! > 0 }    ∀ ! = 1, . .!;  ∀ ! = !, !, ! Issue a Curtailment Request 
else No Actions Taken 
As it can be appreciated in the expressions above, a reloading flexibility request can only 
be sent to the charging station agents when the transformer limit has not been exceeded 
and there is still margin in any of the feeder’s phases. Else a curtailment flexibility 
request will be issued whenever the transformer limit is surpassed, no matter the state 
of the feeders connected to it, or even if some room exists within the distribution 
transformer, when no margin is available at any of the connected feeders. Finally in the 
exceptional case that either the distribution transformer or all the feeders are operating 
precisely at their maximum admissible limit, not corrective action is required.  
It is important to highlight before moving any further that, in case a first reloading 
command has been issued, after that optimization has concluded and within the same 
control cycle, a second curtailment optimization is launched, if any of the assets so 
requires, to properly ensure no thermal violations occur. This is done using the computed 
changes in the vehicles’ charging currents to estimate a new utilization factor vector. 
Once a reloading or a curtailment flexibility request reaches the charging station agent, 
providing that the tandem vehicle-station is “enabled” to participate in network 
management, a flexibility offer is issued back to the transformer agent. These flexibility 
offers, either for curtailment or reloading, contain the following information: 
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∙! Subscript referring to the station-vehicle tandem i. 
N
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n
 ∆! Current flexibility bid (A). !"#$% Minimum current step of the bid (A). !!! Cumulative time of charge of the vehicle (s). !"!!" Resulting connection of the station-car pair (1-Phase / 3-Phase AC). !"#!!(!)(!,!) Reloading offer. !"#!!(!)(!,!) Curtailment offer. !"#!!(! !" !)(!,!) = ∆!, !"#$%,!!! , !"!!" !! Flexibility Offer 
Before detailing the construction of both curtailment and reloading offers, it is important 
to clarify some of the parameters (the cumulative charging time of the vehicle is 
disregarded as it is considered to be self-explanatory): 
i. The current flexibility bid (∆!) represents the maximum change in the charging 
current offered by the station-vehicle tandem. 
ii. The minimum current step of the bid (!"#$%) denotes the minimum unitary division 
the current bid consists of. 
iii. Finally the resulting connection of the station-car pair (!"!!") is used to fully 
characterize the duo’s connection to the network. This parameter is of extreme 
relevance since it represents how each vehicle-station tandem directly affects the 
different network assets. For instance a single-phase car connected to phase “b” 
cannot alleviate feeder congestion in phases “a” or “c”. Thus in order to complete 
describe such connection, this parameter is modeled to take an integer numerical 
value ranging from one to four accounting the four possible considered combinations. 
Therefore the first three values are assigned to single-phase AC connections to phases 
“a”, “b” and “c”, while number four corresponds to three-phase AC connections. 
Now the construction of both curtailment and reloading offers is fully explained: 
• Reloading Offers: 
Fist of all it is important to notice that, once a PEV is plugged to a charging station, both 
its cumulative charging time (!!!), which starts increasing with every passing second, 
and its resulting connection parameter (!"!!"), which becomes completely fixed, will not 
reset until the vehicle is unplugged and a new car is connected once again. Thus, as 
these values are simply read directly from the charging controller, when elaborating a 
flexibility offer, what the charging station agent must really determine are both the 
current flexibility bid (∆!) and the minimum step for the bid !"#$% . The same applies 
for the curtailment offers. 
In order to properly define them the following additional information is required: 
i The existing charging current of the station (!!! !). 
ii The maximum permissible charging current by the voltage control (!!"#$!! !). 
Then according to their values two subtypes of reloading offers can be issued: charge 
resume offers or charging rate increase offers. Their definition and the conditions under 
which each one is issued are detailed in the table below: 
∆!! = 6A;  !"#$!! = 6A !" !!"#$!! ! ≥ 6 A &  !!! ! < 0.1 A  Charge Resume Offer ∆!! = !!"#$!! ! − !!! !  ; !"#$!! = !"#$%&'!! !"#!$% !!"#$!! ! ≥ !!! !   &  !!! ! ≥ 6A Charging Rate Increase Offer ∆!! = 0A; !"#$!! = !"#$%&'!! else 
Table 3: Flexibility Reloading Offers: Definition and Issuing Conditions. 
4. Proposed Algorithm 
 
~ 43 ~   
As it can be appreciated a charge resume offer is issued whenever the vehicle’s charge is 
on hold and the maximum allowable charging current given by the voltage control 
system is equal to or above the minimum current value of 6A given by the standard IEC 
61851-1. Under such conditions a current bid of 6A, representing the car’s charge 
restart, is sent to the transformer agent. It is important to notice that this bid is given 
with a minimum current step of 6A, which means that, if selected, the current bid must 
be taken using 6A steps, in other words in its full integrity. This is necessary to 
guarantee a fulfillment of the standard and as it is later covered when describing the 
optimization processes, correctly operate with both charging rate increase and charge 
resume offers.  
If the vehicle’s charging process in currently undergoing a current bid is issued as the 
difference between the car’s actual current and the maximum allowable one given by the 
voltage control system. In this case the minimum current step is the one applicable by 
the charge controller itself, which if compliant with the standard corresponds to 1A. This 
is precisely what is intended to be stated under the notation !"#$!! = !"#$%&'!!. Where !"#$%&'!! represents the minimum current step applicable by the controller. Finally it is 
important to clarify even though “else” conditions can never occur under a normal 
operation, it is required to include them in the code to account for any possible anomaly.  
• Curtailment Offers: 
Opposite to the reloading case, to properly define the curtailment offers, only one 
additional parameter is required: the existing charging current of the station (!!! !). 
Nonetheless, once again, according to its value two subtypes of curtailment offers can be 
issued: charge stop offers or charging rate decrease offers. Their definition and the 
conditions under which each one is issued are detailed in the table below: 
∆!! = !!! ! − 6A ; !"#$!! = !"#$%&'!! !" !!! ! > 6 A  Charging Rate Decrease Offer ∆!! = 6A;  !"#$!! = 6A !"#!$% !!! ! = 6 A Charge Stop Offer ∆!! = 0A; !"#$!! = !"#$%&'!! else 
Table 4: Flexibility Curtailment Offers: Definition and Issuing Conditions. 
As it can be seen once again in the case of curtailment the same structure exists. If a 
vehicle is charging above the minimum current, a maximum bid to lower the current 
until its minimum value is issued, otherwise if it is already charging at the minimum 
rate, a charge stop offer, presenting the same characteristics as the previously described 
charge resume offers, is sent to the transformer agent. Finally also another technical 
“else” condition is added to properly cover all possible combinations of values within the 
code, although this can never happen under normal system operation. 
4.3.2.1 Thermal Optimization: 
As the different flexibility offers are received by the transformer agent, they are 
categorized according to their feeder of origin and listed in an ordered manner.  This 
initial order is of extreme importance since it will be later used to correctly reroute the 
obtained solutions and send them back to their corresponding nodes. At the same time 
and as a structural consequence of this routing mechanism to properly ensure a correct 
signal allocation, the charging station agents are forced, both under curtailment and 
reloading cases, to issue an empty flexibility offer back to the transformer agent in case 
the tandem vehicle-station is not enabled to participate in network management. One 
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aspect intentionally left unresolved is how to properly categorize the offers by feeder, 
which, for the present study cases, has simply been done manually. The reason behind 
this is that it was considered that such information could be already inferred through 
the communication process between the agents. Nonetheless, if this would not be the 
case, an automated sorting mechanism can be easily built on top of the present system 
by adding an extra parameter to the offers indicating feeder of origin. 
Once all the offers have been received and properly categorized by the transformer 
agent, accordingly to the optimization toolbox selected by the DSO, the thermal 
optimization is executed. Three alternative optimization toolboxes have been used, 
together with their respective target functions, to properly manage the network 
constrains while inflicting a minimum impact upon the PEV users. In other words trying 
to ensure the maximum amount of vehicles can reach an acceptable final charge level at 
departure time. This minimal impact is ensured by delivering target functions and car 
ranking systems prioritizing the curtailment of those vehicles presenting the higher 
cumulative charging times. As it is pointed out by Quirós-Tortós et al. [10][11], the 
higher the cumulative charging time a vehicle has, the longer the car has been plugged 
to the network and thus the closer to a full charge state its battery must be.  
The three used optimization toolboxes are: “Intlinprog”, “Fmincon” and “DynTable”. Two 
of them,“Intlinprog” and “Fmincon”, are included in Simulink and are thus property of 
“The MathWorks, Inc.”. The proposed problem formulation, together with their 
respective target functions and solutions, using both “Intlinprog” and “Fmincon” are 
presented in Table 5. 
• “Inlinprog” & “Fmincon” Formulation: 
In order to add some additional clarity, some crucial structural aspects common to both 
optimizations are now highlighted. First of all it is important to notice that the 
curtailment process is executed in two steps. During the first optimization a network 
alleviation considering only the system feeders is covered, followed by, if the congestion 
of the distribution transformer has not yet been resolved, a second optimization simply 
focused on the transformer itself. This is done to ensure an intelligent and efficient car 
selection during the thermal optimization process. Since the vehicles’ cumulative 
charging time is used as the main decisive parameter in the selection, by first correcting 
the congestion on each individual feeder while disregarding the transformer, a better 
network synergy, avoiding duplicities, is achieved. For instance let’s consider a sample 
network consisting of two feeders and one transformer, with its first feeder and the 
transformer requiring both a curtailment of 10A. Obviously the preferred solution would 
be to curtail those 10A using the vehicles from the first feeder, effectively correcting both 
issues. 
However if just a single optimization including the transformer is done and the 
cumulative charging times from the vehicles in the second feeder is higher than those 
from the first one, the cars from the second feeder could be used to alleviate the 
transformer congestion and then additionally those from the first feeder would correct 
their own feeder overloading, resulting in an inefficient solution with excessive 
curtailment and a higher impact on the users. This phenomenon is not present in the 
case of reloading, since, in that case, each car is analyzed considering the limitations of 
the feeder it is plugged to and using the transformer as the higher limit that stops any 
vehicle anywhere in the network from increasing its charging rate. 
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“Intlinprog”: max (!"#$!! !!ℵ!!! !!!!)  “Fmincon”: max (!"#$!! !!ℵ!!! !!!!)! ! ℵ,!   Target Function 
Constrains: ! + (!"#$!! !!ℵ!!! !!) !!"# ≤ 0  !!" + (!"#$!! !!ℵ!!! !!)  ≤ 0;   !" !!" < 0;  0 + (!"#$!! !!ℵ!!! !!)  ≤ 0;   !" !!" ≥ 0;   ∀! = 1, . .!;   ∀! = !, !, !; 
where: !! = 13  !" !"!!"! = 1; 2 !" 3 (!"#$% !ℎ!"# !"#)!" !"!!"! = 4 (!ℎ!"" !ℎ!"# !"#)  
 !! = 10  !" !ℎ! !"ℎ!"#$ !""#$%& !ℎ!" !ℎ!"# !"# !""#"$!"ℎ!"#$%!  
 
Variable Boundaries: 
!!! ≤ !! ≤ !!!!!! = 0;!!! = ∆!!!"#$!! ; 
Solution Vector: 
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“Intlinprog”: !(ℵ,!) = !!, !!,… , !ℵ !; “Fmincon”: !(ℵ,!) = !!, !!,… , !ℵ !  ; 
Constrains: !!" − (!"#$!! !!ℵ!!! !!) ≥ 0;  !" !!" ≥ 0;  0 + (!"#$!! !!ℵ!!! !!) ≥ 0;   !" !!" < 0;   ∀! = 1, . .!;  ∀ ! = !, !, ! 
where: !! = 13  !" !"!!"! = 1; 2 !" 3 (!"#$% !ℎ!"# !"#)!" !"!!"! = 4 (!ℎ!"" !ℎ!"# !"#)  
 !! = 10  !" !ℎ! !"ℎ!"#$ !""#$%& !ℎ!" !ℎ!"# !"# !""#"$!"ℎ!"#$%!  
 
Variable Boundaries: 
!!! ≤ !! ≤ !!!!!! = 0;!!! = ∆!!!"#$!! ; 
Solution Vector: 
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“Intlinprog”: !!!"(ℵ,!) = !!, !!,… , !ℵ !; “Fmincon”: !!!"(ℵ,!) = !!, !!,… , !ℵ ! ; 
Executed only if: ! − (!"#$!! !!ℵ!!! !!) !!"# > 0;  ∀ !! ∈ !!!"(ℵ,!)  
New Utilization Factor: !!"# = ! − (!"#$!! !!ℵ!!! !!) !!"# ;  ∀ !! ∈ !!!"(ℵ,!) 
Constrains: !!"# − (!"#$!! !!ℵ!!! !!) !!"# ≥ 0;  
where: !! = 13  !" !"!!"! = 1; 2 !" 3 (!"#$% !ℎ!"# !"#)!" !"!!"! = 4 (!ℎ!"" !ℎ!"# !"#)  
 
Variable Boundaries: 
!!! ≤ !! ≤ !!!!!! = 0;!!! = ∆!!!"#$!! − !!!"(!, 1)(ℵ,!); 
Solution Vector: 
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“Intlinprog”: !!!"(ℵ,!) = !!, !!,… , !ℵ !; “Fmincon”: !!!"(ℵ,!) = !!, !!,… , !ℵ ! ; 
Final Solution:  
“Intlinprog”: !(ℵ,!)! = !!!"(ℵ,!) + !!!"(ℵ,!); “Fmincon”: !(ℵ,!)! = !!!"(ℵ,!) + !!!"(ℵ,!); !!"# Nominal Voltage at the transformer and Head Feeders (V). !!" Utilization Factor for Feeder “i”, phase “j” (A). 
N
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 ℵ Total number of participating cars. !! Participation Factor.  ∙! Subscript referring to each participating vehicle. !!!;  !!! Lower and Upper limits of the Participation Factor.  ! Total number of feeders ! ℵ,!  Participation Factor Vector. ! Transformer Utilization Factor (VA) !!;  !! Auxiliary variables. 
Table 5: Thermal Optimization: Problem Formulation and Resolution: “Intlinprog” & “Fmincon”. 
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Another important aspect to highlighted is that, as it can be appreciated, both toolboxes 
require the usage of inequality constrains (>= and <=). This is precisely why, to ensure a 
proper alleviation of the system congestion, the use of a security factor is justified. 
Otherwise if directly operating with the assets’ ratings small congestions could possibly 
be not avoided. At the same time, also concerning the constrains, it is seen that for both 
congestion and reloading cases, the equations involving those feeders not which not 
require a correction are formulated replacing the their respective utility factors by 0. 
This must be done to ensure those vehicles are fixed and will simply not fluctuate 
without any restriction given the optimization functions. 
One final aspect worth clarifying is the definition of both the parameter !! and the 
variable !!. The parameter !! is used to determine within the feeder constrain 
inequalities if a particular vehicle “k” affects that particular phase and feeder. A vehicle 
affects a particular phase and feeder if it is a three-phase car connected to that feeder, in 
which case it affects all the feeders’ phases, or if it is a single-phase car plugged to both 
that particular phase and feeder. On the other hand the variable !!, defined as the 
participation factor of the vehicle “k”, indicates the contribution selected from vehicle “k” 
by the transformer agent to solve the thermal optimization, in terms of the total amount 
of selected current steps. Obviously this is an integer value ranging from 0 to the 
maximum bid issued by the vehicle divided by its current step (∆!!/!"#$!!). As it was 
already previously pointed out, the use of this participation factor system, allows to 
merge stations with different current steps, as well as to consider charge 
increase/decrease offers jointly with charge stop/resume bids. 
Once all structural aspects have been covered, it is also vital to remark some additional 
functional considerations to bear in mind. First of all it is important to underline that, 
for this particular problem formulation, out of the two toolboxes, only “Intlinprog” 
delivers an optimal solution. This is because while “Intlinprog” allows operating with 
integer values, “Fmincon” does not and therefore requires the respective usage of a 
ceiling or a floor rounding function to reach the final acceptable solution for the 
curtailment and reloading cases. While the solution reached prior to use any rounding 
correction is indeed optimal, it is then turned heuristic to reach admissible integer 
values. The selection of the ceiling function for curtailment and the floor function for 
reloading is done, using a restrictive approach; to guarantee no congestion problems may 
be left unresolved or may arise.  
Finally another key difference is the fact that both toolboxes employ different target 
optimization functions, logically resulting in a different vehicle prioritization and 
behavior. While “Intlinprog” gives preference to fully employ the entire offers of those 
vehicles registering the higher charging times, “Fmincon”, on the other hand, “Fmincon” 
will try to achieve a more equitable contribution among all vehicles. This is because 
“Fmincon” not only seeks to maximize the overall combined charging time of the selected 
offers but also attempts to minimize the total deviation between the participation factors 
of all vehicles. This can be seen as its optimization function is divided by the standard 
deviation of the participation factors. 
Although both toolboxes can deliver an appropriate performance, Simulink does not yet 
support standalone code generation for these functions, which effectively means that, if 
any of them is used in the code, the resulting algorithm cannot be transferred to a real-
time simulator to then be tested with real hardware. Therefore in order to address this 
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issue, a third optimization toolbox, “DynTable”, was created to achieve an equally 
satisfactory resolution. The main idea behind it was based on the concept of a 
dynamically updated table listing the different flexibility offers through a cumulative 
charging time ranking. This method is now explained and detailed. 
• “DynTable” Formulation: 
The “DynTable” toolbox represents a technically heuristic resolution method, which can 
be nonetheless shown to also follow a maximization function and thus be argued to really 
deliver an optimal solution. Despite being rather simple conceptually, its complete 
mathematical description is quite complex. Thus a qualitative and conceptual based 
explanation of the method is presented in this section. 
1. Main Elements Definition 
The core element of the method is, as its name suggests, the dynamically updated table 
used for the resolution. This dynamic table is defined as a matrix (!"#$%! ℵ,! ) consisting of 
as many rows as participating vehicles (ℵ) and nine columns. The matrix is defined in an 
ordered manner so each row contains the information of each particular vehicle with the 
different columns covering its main parameters such as its current step (!"#$% ℵ,1 ), its net 
grid connection (!"!!"  ℵ,1 ), its feeder of origin (!""# ℵ,1 ) among the “n” existing feeders and 
its cumulative charging time (!!! ℵ,1 ). Additionally five extra columns are defined so each 
car is also associated with its original position in the matrix (!! ℵ,1 ) (vital to correctly 
route the signals once the optimization is completed), a parameter to solve possible 
draws while ranking the vehicles (!"#$% ℵ,1 ), a factor to be used under reloading operation 
to avoid any resulting congestion (!! ℵ,1 ) and finally its current participation factor (! ℵ,! ) 
and its upper limit (!! ℵ,1 ). !"#$%! ℵ,! = ! ℵ,1   !! ℵ,1  !"#$% ℵ,1  !"!!"  ℵ,1  !!! ℵ,1  !""# ℵ,1  !"#$% ℵ,1  !! ℵ,1  !! ℵ,1  !(ℵ,!) → Participation Factor Vector. !! ℵ,1 →Participation Factor Upper Limit Vector. !"#$% ℵ,1 → Current Step Vector. (A) !"!!"  ℵ,1 → Network Connection Vector. !!! ℵ,1 → Charging Time Vector. (s) !""# ℵ,1 → Feeder of Origin Vector. !"#$% ℵ,1 → Tie Breaker Vector. !! ℵ,1 → Original Position Vector. !! ℵ,1 → Car Correction Vector. 
When the matrix is defined, prior to start any optimization, both the participation factor 
vector (! ℵ,! ) and the car correction vector (!! ℵ,1 ) have their starting values set to zero. 
Once the matrix has been defined a rearrangement of the rows is done, listing the 
vehicles according to the used ranking criteria, in this case their cumulative connection 
time, in descending order. Whenever two vehicles have the same value, the tie breaker 
vector (!"#!" ℵ,1 ) is used. This vector is defined as the cumulative charging time divided 
by the resulting network connection parameter of each vehicle. Consequently the 
preference criteria in case of conflict will be single-phase over three-phase vehicles, and 
for single-phase cars ! > ! > ! . In case the tie cannot be broken solely under this 
criterion, additionally the original position in the table is considered using the original 
position vector (!! ℵ,1 ). 
With the vehicles properly ranked both reloading and curtailment optimizations can be 
now executed. 
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2. Reloading Operation: 
The reloading operation will be first described. Although it essentially follows the same 
core behavior as the curtailment process, the restrictions and conditions that apply in 
both cases are logically different. 
With the vehicles properly ordered in the matrix a sequential scanning of the matrix is 
executed trying to increase the charging rate of the involved vehicles. This loop will 
continue while the transformer loading allows it and regarding the capacities of each 
individual feeder and phase no car associated to them is left that can further increase its 
participation factor according to its total current bid,. 
Therefore while the operation loop continues and following the established ranking, 
scanning each row from first to last, every vehicle is successively considered. In the case 
that particular vehicle has not yet reached its maximum possible participation factor 
and the corresponding utilization factor of that feeder and phase allow it (of all phases in 
case of a three-phase vehicle), the vehicle qualifies and its participation factor is 
increased in one unit. At the same time a correction of the utilization factors is 
performed: 
If the vehicle “k” is a single-phase car connected 
to Feeder “i” and phase “j”: !!" = !!" + !"#$!! If the vehicle “k” is a three-phase car connected to Feeder “i”: !!" = !!" + !"#$!!; ∀ ! = !, !, ! ! = ! +  !"#$!! !!"#  ! = ! + 3 !"#$!! !!"# 
Additionally in order to avoid any possible overloading, whenever a vehicle increases its 
participation factor and thus the utilization factors are corrected, one last check is 
executed before moving to the following one. This check, only executed under reloading, 
verifies whether any of the utilization factors has changed its sign. If so, that means the 
last participation factor increase by that vehicle is the responsible to exceed the control 
limit in that asset. This is registered by increasing in one unit the value of the car 
correction factor (!! !,! ) associated with that vehicle. At the end of the reloading 
optimization and to prevent any possible overloading, the affected vehicles have their 
final participation factor decreased by as many units as indicated by their respective 
correction factor. It is also important to highlight that the loop condition is checked every 
single time before moving to the following row. If it does not, the process is stopped. This 
is necessary to avoid a full scan of the matrix could be done even if the loop was violated 
after just covering the first row. 
The operation continues until the loop condition no longer applies. Once this is done, the 
table rows are organized back to their initial arrangement using the original position 
column. This is structurally required to properly route the signals. Finally the first 
column of the matrix contains the final optimization result: !(ℵ,!) = !!, !!,… , !ℵ ! 
3. Curtailment Operation: 
Now the curtailment operation will be described. The curtailment optimization process 
relies on the exact same sequential scanning of the matrix previously described while 
covering the reloading case, however three major significant differences exist: 
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i. First of all like with the previous pair of optimization toolboxes, the curtailment process is 
executed in two stages to ensure an intelligent and efficient car selection process avoiding 
possible duplicities. 
ii. Secondly under curtailment operation there is no need to use the car correction factors 
since a more conservative criterion is considered and thus minimally overshooting the 
least current decrease is not an issue. 
iii. Finally and most obvious, the restrictions and conditions that define the scanning loops 
are different. 
Therefore an initial thermal optimization stage is first launched. With all vehicles 
properly ranked a sequential scanning of the matrix is executed seeking to decrease the 
charging rate of the involved vehicles in order to correct the excessive values of the 
utilization factors. The objective of this first optimization process is, as it earlier 
highlighted, to effectively erase all congestion from the network’s feeders. Consequently 
the loop will continue while the limits of each individual feeder and phase are exceeded 
and no car associated to them is left that can, according to its total current bid, further 
increase its participation factor. 
The sequential scanning operation within the loop matches that of the reloading case, 
covering every vehicle row by row and verifying if the loop condition still holds before 
moving to the following car. Thus in the case that a particular vehicle has not yet 
reached its maximum possible participation factor and the corresponding utilization 
factor of that feeder and phase is still positive (of any of the three phases for a three-
phase vehicle), in other words it still surpasses its assigned limit, the vehicle qualifies 
and its participation factor is increased in one unit. At the same time a correction of the 
utilization factors is performed: 
If the vehicle “k” is a single-phase car connected 
to Feeder “i” and phase “j”: !!" = !!" − !"#$!! If the vehicle “k” is a three-phase car connected to Feeder “i”: !!" = !!" − !"#$!!; ∀ ! = !, !, ! ! = ! −  !"#$!! !!"#  ! = ! − 3 !"#$!! !!"# 
One important difference to point out between the curtailment and reloading operation, 
that only further stresses the conservative criterion employed when addressing the 
thermal management is the condition for three-phase vehicles. In the case of reloading 
the three phases of that feeder must have enough capacity for the vehicle to increase its 
current rate, while for curtailment, only the existence of congestion in one of the phase is 
enough for the vehicle charging rate to be decreased. The operation continues until the 
loop condition no longer applies. 
Once this process is over, the transformer utilization factor (!) is checked. If congestion 
still exists, a second loop is initiated. This second loop will continue while the 
transformer remains overloaded and car is left that can, according to its total current 
bid, further increase its participation factor. The same row scanning process is launched 
with a vehicle qualifying whenever it has not yet reached its maximum participation 
limit. Likewise, the vehicle’s participation factor is increased by one unit and a 
correction of the transformer utilization factor is performed: 
If the vehicle “k” is a single-phase car: ! = ! −  !"#$!! !!"# If the vehicle “k” is a three-phase car: ! = ! − 3 !"#$!! !!"# 
This process will continue until the loop condition no longer applies. Once this is done, or 
in the case the transformer utilization factor (!) did not register any congestion after the 
first optimization, the table rows are organized back to their initial arrangement using 
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the original position column, with the first column of the matrix contains the final 
optimization result: !(ℵ,!) = !!, !!,… , !ℵ ! 
• Toolboxes: Comparison 
Finally to end this section, now that all toolboxes have been presented, some practical 
functional implications of their behavior as well as some structural differences will be 
highlighted. It is important to highlight that henceforth under “DynTable”, “Intlinprog” 
and “Fmincon”, reference is made to the problem formulation previously presented using 
those optimization methods and not to the methods themselves. 
First of all, it can be seen that technically “DynTable” is also optimizing the same target 
function as “Intlinprog” considering one key difference and that is that only one step a 
time from each vehicle can be selected. “DynTable” in this case cannot just take the full 
offer but is rather obliged to do a full scan of all existing offers, and taking one step of all 
of them which qualify. Therefore it can be perfectly argued that “DynTable” also reaches 
an optimized solution. On the other hand this one step at a time approach, seeks to 
achieve a more equitable contribution among all vehicles while still prioritizing those 
vehicles with higher cumulative charging times and thus conceptually following a 
similar path to “Fmincon”. 
Secondly it is important to remark that while “DynTable” follows the same conceptual 
idea as “Fmincon”, structurally results in a superior system since it can handle integer 
values, and thus delivers an exact solution and not an approximation. On the other hand 
it can also be argued that, under the current problem formulation, “DynTable” will 
potentially operate, from a curtailment perspective, with a slightly more restrictive 
criterion. This is because both Intlinprog” and “Fmincon” base their constrains in “>=” 
inequalities while “DynTable” stops its continuous scanning using “<=” restrictions, 
implying that an additional ampere per utilization factor could eventually be curtailed.  
Thirdly, although not directly compatible for code generation, it is still interesting to 
work with both “Intlinprog” and “Fmincon” to compare their performance with the one 
offered by “DynTable”. Therefore all three are covered in the different simulated study 
cases in the present work, but of course only “DynTable” has been tested with HIL.  
Last but not least, it is important to highlight one important limitation embedded in the 
present thermal management system and thus shared by all thermal control toolboxes. 
The current thermal control architecture has been designed for its application in any 
distribution network where each transformer supplies “n” independent and autonomous 
feeders (radial networks). In the case shared feeders among different individual 
transformers exist (meshed networks), with the exception of the simple case of various 
parallel transformers supplying the exact same feeders, an immediate system 
compatibility cannot be guaranteed. This is because a coordination mechanism for the 
treatment of those shared feeders has not been defined. Thus for those particular cases, 
additional modifications would be required. 
4.3.3 Voltage and Thermal Synergy: Flowchart 
Once both thermal and voltage management strategies have been fully described, their 
coordinated action is briefly presented within this section accompanied by the 
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algorithm’s flowchart describing its complete execution. No further comments beyond 
those associated with the thermal and voltage management coordinated actions will be 
given to the system flowchart. This aspect has already been extensively covered by the 
detailed descriptions given in the previous sections. Although the coordination between 
both systems was already hinted while describing the thermal control, since the 
flexibility offers were issued considering the existing maximum current limitation, a 
more clear depiction of how both controls integrate can be seen on the algorithm’s 
flowchart in Figure 5. 
 
Figure 4:Thermal and Voltage Management Coordinated Execution 
As it can be seen in the bottom of the graph, it is once the voltage management has 
ended when the maximum permissible charging current by the voltage control is 
compared, in the case a thermal restriction exists, with the maximum possible charging 
rate given by the thermal management system. Then the most restrictive one is selected 
and applied, being the station agent, under the voltage management execution, the only 
one truly determining the station’s charging rate. Therefore to ensure the thermal needs 
are covered as soon as possible, every new thermal limitation must be set before the 
voltage management is executed. 
As it is shown in Figure 4, since the execution of both control systems happens in fixed 
time steps of 30 and 300s respectively, both actions converge every time a multiple of ten 
voltage control is launched. In order to guarantee a good synergy between both systems, 
as it was just previously explained, the thermal management is giving preference and 
executed one control time step prior to the voltage control system, ensuring the newly 
thermal command can be considered as soon as possible. At the same time it is 
important to remark how this also implies that the flexibility offers used for congestion 
management are generated based on the maximum current restrictions set in the 
previous voltage control. This however should not hinder the system behavior at all. 
Moreover it is significant to highlight that, although easy to correct, under its current 
version the algorithm does not allow users to participate independently in the voltage or 
thermal managements. 
Finally it is clarified that for the present implementation a control time step (!!"#$) of 
one sixth of an electrical period has been considered. This was necessary to obtain 
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properly shaped electrical waveforms in the simulated network environment. 
Nonetheless under a real implementation on an existing network, control time steps of 
several seconds should be feasible.  
 
Figure 5: Proposed Algorithm Flowchart 
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5. Case Studies and System Modeling 
In this section the different covered case studies to validate and test the algorithm’s 
performance will be presented, accompanied by a detailed description of their designed 
simulation environments, covering the modeling of the most relevant network elements.  
As two main objectives are pursued when assessing the algorithm’s behavior, two sets of 
case studies have accordingly been defined for the present work. On one hand several 
offline or computer-based cases, conceived to allow a through assessment of the 
algorithm’s performance on a representative distribution network environment, have 
been considered. These are then reinforced by the execution of a single online or HIL 
validation case crafted to verify the algorithm’s compatibility with and proper execution 
under real hardware.  
In order to perform a HIL validation using the hardware available in the laboratory, the 
usage of a real-time simulator is required. MicroLabBox by dSPACE Ltd. [46], from now 
on simply referred to as “dSPACE”, was chosen for the present study over other available 
alternatives such as “OPAL-RT” for its excellent compatibility with Simulink and its 
Simscape Power Systems Library [47]. This is why the proposed control algorithm and 
the simulation environments for the different case studies have been implemented and 
tested using Simulink. Additional information regarding the structure and 
characteristics of the created simulation interface under Simulink can be found in the 
appendices. 
Since both cases share the modeling and characteristics of the most relevant elements, 
these will only be only assessed when describing the computer-based simulations, as 
they represent the most complex case. Afterwards, when covering the online case, only 
its main differences between will be highlighted and justified. The different case studies 
and their respective simulation environments are now detailed.  
 Offline or Computer-Based Cases 5.1
5.1.1 Simulation Environment  
As it was already mentioned the offline cases are designed to properly evaluate the 
algorithm’s performance, executing a deeper and more complete review of its 
characteristics. In order to properly present and define the selected study cases, first of 
all a comprehensive introduction of the created simulation environment covering the 
definition of its main elements is done. A complete summary of its characteristics can be 
found in Figure 6. 
5.1.1.1 Test Network 
To properly create a suitable simulation environment, a modified network topology 
inspired by a typical Dutch residential LV network used by Haque et al. [13] in their 
work is employed. While structurally almost all characteristics have been preserved, 
such as the allocation of the domestic loads and the properties of the distribution 
transformer itself, some minor downgrades have been introduced to the head sections of 
the feeders. This has been done in order to make the network more sensitive to 
experience both thermal congestions and voltage problems, but essentially to lower the 
otherwise extremely high ampacity of the main distribution feeders.  
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Figure 6: Computer-Based Simulation Environment 
Consequently a downgrade of the previously existing aluminum cable sections of 
150mm2 and 95mm2 within the distribution feeders was executed. These were then 
substituted by equally long underground aluminum replacements of 50mm2. 
The resulting network consists of a total of 20 households, fed by power underground 
cables and distributed among three main feeders supplied by a 10/0.4 kV, 100kVA 
MV/LV transformer. The allocation of the existing dwellings as well as the location of the 
different cable sections within the network can be found in Figure 6. Their main 
electrical characteristics are summarized in Table 6. 
Underground Cables 
Cable type R (Ω/km)1  X (Ω/km)1 R/X 1 C(µF/km)2 R0/R1; X0/X13 C0/C14 Ampacity (A)5 
A 150 mm2 Al 0.206 0.079 2.61 0.723 4 0.6084 - 
C 50 mm2 Al 0.641 0.085 7.54 0.553 4 0.6084 116 
D 16 mm2 Al 1.91 0.096 19.9 0.404 4 0.6084 - 
E 10 mm2 Cu 1.837 0.088 20.88 0.404 4 0.6084 - 
F 6 mm2 Cu 3.061 0.1 30.61 0.325 4 0.6084 - 
Transformer 
Rating (kVA) 100 R; Z (Ω)1 0.0072; 0.0246 
Table 6: Network electrical characteristics 
The network underground cables have been modeled using the “pi” line models available 
in Simulink, which also require the specifications of the zero sequence to take into 
                                                
1 [13]. 
2 [62]. 
3 [63], [64]. 
4 Default relation given by the Simulink “pi” line model. 
5 Value corresponding to 3-4 core XLPE aluminum cables laying in ducts (more restrictive). 
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account possible unbalanced operation. All network components have been implemented 
using the Simscape Power Systems Library [47]. 
5.1.1.2 Dwellings: Domestic Load Profiles 
The characterization of all domestic loads has been done using the CREST tool [48]. This 
tool, developed by the Centre of Renewable Energy Systems Technology (CREST) of 
Loughborough University in the UK, allows to randomly generate the time-series 
behavior, with 1-min resolution data, of domestic loads taking into consideration the 
number of people at home, the use of the existing appliances (lightning, heating, local 
generation, etc.), the type of day (weekday or weekend), the month of the year, and the 
weather conditions of the selected location among others. The tool has been designed 
considering the domestic behavior of British customers. 
Thus, using the tool, 20 random domestic load profiles have been generated. These 
profiles have been crafted considering the geographical location of Dortmund (51.5ºN 
7.5ºE) and correspond to a typical weekday during winter (15th of January) to account for 
the case of maximum domestic demand and therefore the hardest base load conditions 
for the studied network. This is done in order to showcase the effectiveness of the 
algorithm under the most severe possible conditions. 
The individual generated profiles, indicating the net active power demand of each 
household in kW, are then assigned, to make them more realistic, a random inductive 
power factor between 0.9 and 0.95. Finally the resulting PQ loads are allocated to their 
respective nodes and modeled using the Three-Phase Dynamic Load block available in 
Simulink. The combined net active power aggregated demand of the 20 households is 
presented in the figure below. 
 
Figure 7: Total Aggregated Domestic Demand 
It is important to remark that this individual characterization of the different domestic 
loads has been considered preferable over the usage of an average aggregated profile 
scaled and assigned to each individual dwelling. Such alternative would result in a much 
smaller total maximum demand. The reason is highlighted by Jenkins et al. [49] in their 
study, where the they analyzed the mitigation effect over the individual maximum 
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demands when multiple dwellings are aggregated. Nonetheless, those smoothing effects 
over the individual demand spikes are much more significant as the number of 
considered customers increase. For a small number of households, as it is the current 
case, the authors point out that those mitigation effects are still much smaller than the 
ones reflected in a aggregated profile generated with the data of thousands of individual 
costumers. Consequently an individual characterization was considered much more 
realistic and adequate over a scaled smoothed profile, resulting in a more spiky behavior 
to test the proposed control algorithm. 
Further details on the characteristics and consumption of each individual dwelling, as 
well as their associated power factors can be found under appendices. 
5.1.1.3 PEV and Charging Stations 
• Considered Vehicles and Stations Models: 
For the present study, two PEV models have been considered corresponding with two of 
the available vehicles present in the laboratory: a Nissan Leaf and a BMWi3. Their 
characteristics are summarized in the table below: 
 
  
Version 2014/2015 BMWi3 (94 Ah) 
Battery Capacity [Ah] 67 1 94 2 
Battery Rated Voltage [V] 360 1 353 2 
On-Board Charger efficiency [%] 0.89 3 0.925 4 
Connector IEC 62196 Type 1 1 IEC 62196 Type 2 2 
Maximum Charging Current [A] 16 1 32 2 
DC Charging Supported 1 Supported 2 
Table 7: Studied PEV Characteristics5 
Since the present project work, does not account for DC charging, only the AC charging 
capabilities of both cars are of interest. As it can be seen in Table 7 the Nissan Leaf 
represents a single-phase AC vehicle with a maximum permissible charging current of 
16A given by its OBC. On the other hand the BMWi3 with its type two connector 
supports three-phase AC charging and its OBC allows charging currents up to 32A.  
As only domestic charging will be considered in the present analysis, two commercial 
charging stations models sold by Schneider Electric SE have consequently been 
considered, capable of supporting respectively single-phase AC and three-phase AC 
charging. Their main characteristics are summarized in Table 8. Finally it is important 
to highlight that the efficiency of the OBCs for each vehicle has been estimated in 
accordance to their maximum charging current, once plugged to their corresponding 
charging stations, based on the experimental results of the studies conducted by 
Genovese et al. [50] and Scoffield [51]. 
                                                
1 [65];  
2 [66];  
3 [50], [51];  
4 [51] 
5 The attached images of the commercial vehicles have been extracted from the following sources [67], [68]. 
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Model EVH2S3P0AK 	 EVH2S11P02K 
Charging Mode 3 3 
Connector IEC 62196 Type 1 IEC 62196 Type 2 
IEC 61851-1 Standard Supported Supported 
Maximum Supported Current [A] 16 16 
Table 8: Charging Station Characteristics1 [52], [53] 
• Allocation, Penetration Levels & Participation in Network Management 
A maximum of 20 vehicles, one per each individual household, have been considered for 
the present study. Taking into account the rated power of the distribution transformer, 
as well as the maximum charging rate of both single-phase and three-phase vehicles 
once coupled to their corresponding charging stations, 3.7kW and 11KW respectively, a 
total amount of 15 Nissan Leaf and 5 BMWi3 will be scattered throughout the network. 
Together they represent a total charging demand of approximately 110kW, surpassing 
already, without considering the domestic load, the transformer rating and ensuring the 
need for curtailment. At the same time, as the DSO must safeguard the system from the 
introduction of great sources of unbalance, the single-phase charging stations of those 
households assigned one Nissan Leaf, will be distributed among the three different 
phases, resulting in a total of 5 stations per phase.  
Seeking not to influence in any way the final shape of the network in order to work with 
a case as realistic as possible, a random allocation of the different vehicles among the 
existing dwellings has been done. To do so a column vector containing a random sample 
of 20 unique integer elements, ranging from one to twenty, was generated. Each row 
represents each individual household and its assigned value determines the type of 
vehicle and charging station it has been assigned, with values 1-5 representing a single-
phase car-station tandem connected to phase “a”, 6-10 to phase “b”, 11-15 to phase “c” 
and 16-20 being a three-phase vehicle-station pair. The results of the distribution are 
shown in Table 9. 
On the other hand, in order to assess their potential impacts as well as to test the 
performance of the developed control system, a progressive penetration in the network of 
the aforementioned PEVs is considered. This progressive increment of the amount of 
vehicles in the network allows to analyze the inherit allocation capacity of the current 
network, revealing the critical number of PEVs above which corrective measures over 
their uncontrolled charging process become necessary. At the same time the 
effectiveness of the proposed algorithm correcting them can be evaluated.  
In the current study the PEV penetration level will be defined as the % of the total 
existing households possessing at least one electric vehicle. Five different progressive 
                                                
1 The attached image of the commercial charging station has been extracted from the following source [69] 
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penetration levels have been considered: 20%, 40%, 60%, 80% and 100%. Each one 
representing the total amount of PEVs considered that will be considered to be connected 
to the network: 4,8,12,16 and 20 respectively. The main idea is that as the penetration 
level increases, progressively the different households would have acquired the assigned 
PEVs and charging stations, thus for instance a penetration level of 20% indicates that 
only four dwellings have acquired and will therefore charge their corresponding PEVs. 
When a penetration level of 40% is reached four additional households would join the 
previous ones until all 20 will have their vehicles and station for the 100% scenario.  
Once again, seeking not to influence in any way the final shape of the network and to 
work with a case as realistic as possible a random assignation of this minimum 
penetration level, above which the existing dwellings would have acquired their 
corresponding vehicle-station tandem, has been done. The same exact strategy is used 
defining a column vector containing a random sample of 20 unique integer elements, 
ranging from one to twenty with every four values (1-4, 5-8, etc.) representing each 
minimum penetration level (20%,40%, etc,). The obtained results are shown in Table 9. 
Lastly, as it will later be explained while defining the considered case studies, a final 
round of simulations designed to test whether the proposed control system would require 
the active participation of all users as a critical factor to ensure a proper network 
behavior are considered. This is done by assuming only half of the vehicles will actively 
participate in network management for each penetration level, while the remaining ones 
will charge unconstrained. Thus a final factor is assigned to each household indicating 
whether that particular dwelling will actively contribute or not.  
Once more a random selection is performed by simply arranging the households 
according to their penetration level and then considering that the odd dwellings will 
actively participate and the even ones will not. This ensures that for each particular 
penetration level exactly only half of the available vehicles will be controlled. Again the 
obtained results are presented in Table 9. 
Household Vehicle-Station Tandem Penetration Level Part of 50% Control? 
1 Single-Phase “c” 40 Yes 
2 Single-Phase “a” 80 Yes 
3 Single-Phase “a” 80 No 
4 Single-Phase “c” 80 Yes 
5 Single-Phase “b” 100 Yes 
6 Three-Phase 40 No 
7 Single-Phase “a” 20 Yes 
8 Single-Phase “c” 20 No 
9 Three-Phase 60 Yes 
10 Three-Phase 40 Yes 
11 Single-Phase “a” 60 No  
12 Single-Phase “c” 100 No 
13 Single-Phase “b” 20 Yes 
14 Single-Phase “a” 80 No 
15 Single-Phase “c” 60 Yes 
16 Single-Phase “b” 20 No 
17 Three-Phase 100 Yes 
18 Single-Phase “b” 100 No 
19 Single-Phase “b” 40 No 
20 Three-Phase 60 No 
Table 9: PEV-Charging Stations Distribution, Penetration Level and Participation in Network Management 
This same information can also be found more visually presented within Figure 6.  
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• Connection Hours 
Another essential aspect to correctly model the charging patterns of the PEVs is to 
determine the time at which each vehicle arrives home and thus is initially plugged to 
the network as well as when it is later disconnected when the car is once again needed. 
For the current study only domestic charging has been considered and at the same time 
only the main charging event at night will be analyzed. This can easily be justified since 
it is precisely at night when PEVs spend the longest time connected to the network since 
the majority will have to refill most of their batteries and it is thus the period when their 
potential aggregated impacts can potentially be more damaging.  
Consequently drawing inspiration from the work developed by Fernández-Orjuela [54] 
and using the data published by Alonso et al. [55], whose study presented, for every hour 
in the morning, the percentage of PEVs initiating their daily trip as well as the 
cumulative share of vehicles already parked back home during the evening, an 
estimation of the probability density functions reflecting the time of arrival and 
departure of the vehicles have been defined. Following the example of Fernández-
Orjuela [54], the density functions are designed on a hourly basis and then redefined to 
account every 10 min interval distributing the hourly probability using a binomial 
permutation. Finally by taking a random sample of both functions the time of arrival 
and departure of the different vehicles was estimated. The obtained results are 
presented in Figure 12. Further additional details regarding the calculation of the 
connection hours can be found under appendices. 
Household Time of Arrival (Day x) Time of Departure (Day x+1) 
1 19:30:00 7:20:00 
2 21:00:00 8:10:00 
3 21:10:00 8:20:00 
4 18:50:00 8:40:00 
5 20:10:00 9:20:00 
6 20:00:00 8:10:00 
7 20:20:00 7:10:00 
8 20:30:00 7:10:00 
9 20:40:00 7:20:00 
10 19:10:00 8:30:00 
11 20:30:00 7:20:00 
12 20:20:00 8:30:00 
13 18:30:00 7:20:00 
14 18:20:00 9:10:00 
15 20:10:00 7:30:00 
16 0:10:00 (Day x+1) 7:10:00 
17 19:20:00 7:20:00 
18 20:20:00 8:10:00 
19 19:10:00 8:00:00 
20 20:40:00 7:30:00 
Table 10: Time of Arrival and time of Departure of the different PEVs 
Although it was already stated, it will be again clarified that it is considered that each 
vehicle is continuously plugged to the network while it remains parked at home. Lastly 
it will also be highlighted that the total simulation time has obviously been adjusted, for 
mere practical reasons, solely to the interval where at least a PEV is connected to the 
network. Thus the simulations begin a couple of minutes prior to the connection of the 
first vehicle and end a couple of minutes after the last vehicle has been unplugged.  
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• Electrical Behavior Modeling 
Once all details concerning the characteristics, distribution and connection of the 
vehicles have been detailed, the modeling of the two main aspects of their electrical 
behavior, their charging process and their battery, will be now addressed. 
i Charging Process 
First of all it is important to clarify once again, that for the scope of this project, only 
single-phase and three-phase mode 3 charging compliant with the IEC 61851-1 and 
relaying respectively on connectors IEC 62196 types 1 and 2 are considered.  
Under such circumstances, the charging process of every vehicle-station tandem is then 
governed by the restrictions imposed by their combined ratings and by the behavior of 
the vehicles’ OBC. As it was previously explained in page 17 while describing the 
characteristics of the charging process, the car’s OBC is the one responsible to convert 
the network AC power into the DC power required to charge the battery. The most 
important aspect to bear in mind is that the OBC is equipped with a PFC, which controls 
the charging process correcting the power factor in order to achieve a sole active power 
demand and reducing the harmonic injection into the network. A complete and detailed 
modeling of the PEV’s OBC is not the purpose of this work, since the objective is to study 
the vehicle’s charging impact on the network. Therefore a simplified a qualitative model 
considering the key features of the OBC is more than enough to achieve that goal.  
Thus the charging process is modeled using controlled current sources, one per phase, 
fed with sinusoidal signals generated using a set of unitary sinusoidal waves and the 
charging current maximum permissible value, given by the vehicle-station tandem 
characteristics and the limitations set by the proposed algorithm in case such condition 
applies. To properly reflect the features given by the vehicle’s OBC, the set of unitary 
sinusoidal waves is calculated using a PLL (Phase-Locked Loop) control system fed with 
the corresponding nodal voltages. The PLL allows to generate an output signal in phase 
with the nodal voltage and thus effectively mimicking the car’s OBC. This guarantees 
the resulting charging current will be in phase with the voltage, solely demanding active 
power and thus also reducing the harmonic injection into the network. Such 
implementation in Simulink is shown in Figure 8. 
 
 
Figure 8: PEV & Ch. Station Charging Model on Simulink 
Two important considerations regarding Figure 8 can be made. First of all is the need of 
a parallel resistance when a current source is connected in series with inductive 
elements such as the network lines in Simulink. Assigning it a huge value it effectively 
becomes an open branch. Secondly it is important to highlight, in the case of a single-
phase vehicle, the two non-participating phases current sources are then fed with a 0 
value signal. Finally it will also be remarked that the complete modeling of the charging 
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process in more complex since it also considers the connection and disconnection of the 
vehicle as well a stop command once the battery is refilled. Nonetheless these are the 
most relevant aspects.  
ii Battery 
!"# ! = !"# ! − ∆! + 1!!  !!! ∆!; 
 !!! = !! !!"#  !!"##;   !! = !!!!"#!!  3600; 
!! PEV Charging Power (Network Side) (W) ∆! Simulation Time Step. (s) !!"# OBC efficiency !!"## Battery Re/Discharge Efficiency !!! Useful Battery Charging Power (W) !! Battery Capacity (Ah) !!"#!!  Battery Rated Voltage (V) 
 
Figure 9:Battery Model & Simulink Implementation 
As it was previously explained in page 17 while describing the characteristics of the 
charging process, the charging of a battery is an extremely complex process defined by 
cycles of constant-current and constant-voltage. While it would be beneficial and 
advisable to attempt to take this distinctive behavior under consideration, this has been 
disregarded under the scope of the current project for three main reasons: 
- First of all due to the lack of time and data to do a better system modeling. 
- Secondly, even though a better model would depict more accurate network impacts, the 
objective of the project is to assess the resulting improvements by using the developed 
algorithm. Thus since in both cases the studied network is subjected to the same battery 
model, it should not interfere while addressing the quality of the developed control. 
- Finally most studies in the field so far have not taken this into account. 
When it comes to model the battery’s behavior essentially two main approaches exist, as 
pointed by Young et al.[56]: electrochemical and equivalent electrical circuit models. 
Electrical circuit models are preferable for grid integration studies, as they can be easily 
coupled with other circuit devices. Among them, multiple categories can be defined 
according to their levels of complexity. Nonetheless for the present study an alternative 
battery model based on the estimation of its SOC as a function of the charging rate will 
be used. This model is based on the one employed by Fernández-Orjuela [54] in his work, 
where it is shown to present a total deviation inferior to 1% when compared to a classical 
simplified equivalent circuit model, while, at the same time, offering faster 
computational times and compatibility with multiple battery technologies. The model 
has been further expanded to also account for the efficiency of the vehicle’s OBC as well 
as a charge and discharge efficiency for Lithium-Ion batteries of 97%. This estimate is 
based on the experimental findings of Genovese et al. [50]. A mathematical description of 
the model as well as part of its implementation on Simulink can be found in Figure 9.  
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As it can be appreciated the battery’s SOC at any time “t” is calculated given the its 
charge level at the previous instant “t-∆t” plus its corresponding increase over that time. 
This increase is estimated as the product of the battery’s useful charging rate and the 
simulation time step divided by battery’s nominal energy content !! . The useful 
battery charging power is determined by the charging rate at the grid connection and the 
efficiencies of both the OBC and the battery itself. This can be easily seen as well in the 
Simulink implementation, which additionally incorporates a saturation block setting the 
two admissible limits for the SOC (0 and100% respectively).  
One final important aspect to discuss is the initial SOC of the vehicles. According to the 
study published by Wu et al. [57], where the driving patterns of drivers in Denmark 
were analyzed, 75% of the journeys realized using PEVs were shorter than 40 km. At the 
same time, with an average consumption of 150Wh/km, this translates into a total 
battery demand of 6kWh, which represents just one fourth of the total capacity of the 
Nissan Leaf model considered in this project. A battery even smaller than the one the 
BMWi3 is equipped with. Moreover the authors point out that most users start their 
daily trips with an average SOC of 85%. Seeking to test the proposed control under 
severe demanding conditions, it would be considered that all vehicles will have an initial 
SOC of 20% and will thus be required to reach at least a final 85% level to be considered 
impact free. This means that they will consequently have much heavier charging needs 
than would normally be the case, causing greater network stress. Lastly it will be 
highlighted that a vehicle is considered to have reached full charge when its SOC has 
reached a level equal or beyond 99%. 
5.1.2 Case Studies 
For the computer-based simulations, the following case studies are considered: 
i Initial Scenario: Network behavior under no presence of electric vehicles. 
ii No Control Cases: Network behavior under increasing penetration levels of electric 
vehicles (20-40-60-80-100% respectively) with no control actions at all taken to restrict 
their charging process. 
iii 100% “DynTable” Control Cases: Network behavior under increasing penetration 
levels of electric vehicles (20-40-60-80-100% respectively) with the vehicle’s charging 
restricted according to both local and thermal limitations set by the developed 
algorithm. All vehicles participate in network management and “DynTable” is used as 
the thermal optimization toolbox. 
iv 50% “DynTable” Control Cases: These cases operate under the same conditions as the 
previous ones, but in contrast, only the charging process of half of the available 
vehicles for each penetration level can be controlled. 
v 100% “Intlinprog” Control Cases: The same exact scenarios as the ones presented for 
100% “DynTable” Control Cases are defined here. The only difference is that 
“Intlinprog” is now used as the thermal optimization toolbox. 
vi 100% “Fmincon” Control Cases: Finally once again the same cases as before are 
considered with “Fmincon” used as the thermal toolbox. 
The main idea is, starting from the original state of the network, see the progressive 
impact in the form of both voltage limit violations and asset overloading caused by the 
uncontrolled charging process of an increasing amount of PEVs. Afterwards the network 
behavior can be once again analyzed for the same penetration scenarios with the 
vehicle’s charging controlled by the developed algorithm. This is done, considering all 
vehicles participate in network management, for the three different thermal 
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optimization toolboxes and once again, considering only half of them can be controlled for 
each penetration level, using “DynTable”. This was done to test whether the active 
participation of all users will be a critical factor to ensure a proper network behavior. 
“DynTable” was chosen as the solely optimization toolbox for this case since, at the 
moment, it is the only one that is directly compatible with real hardware. 
 Online or HIL Validation Cases 5.2
5.2.1 Simulation Environment & Case Study 
The objective pursued with the HIL validation is no other but to complement the broader 
performance study conducted using the offline computer-based simulations by verifying 
the algorithm’s compatibility with and proper behavior under real hardware. To 
accomplish this the test network depicted in Figure 10 will be used. 
 
Figure 10: HIL Validation Simulation Environment 
As it can be appreciated in Figure 10 it is a simplified version of that previously used for 
the computer-based cases. In this case the network is comprised of two identical feeders, 
at the bottom of which two PEV are connected, one single-phase and one three-phase 
vehicle. Feeder nº1, the virtual feeder, consists entirely of solely virtual elements, 
matching the characteristics of those previously defined for the offline cases, while the 
second feeder, the real feeder, replaces the bottom node by incorporating equivalent real 
hardware. The main idea is to design two equivalent feeders, expose them both to the 
same voltage and thermal violation episodes and verify whether the behavior of the real 
cars and stations, under the algorithm’s guideline, matches that of their virtual 
counterparts. It is important to highlight that the purpose of this test is not to create a 
realistic environment, which is already covered in the offline cases, but rather to define a 
simple testing ground to address the system proper behavior. 
To generate these voltage and thermal violation episodes and analyze the correct 
performance of the algorithm, several controllable PQ loads are placed along the 
network, once again in a completely symmetrical way as Figure 10 depicts. A total of two 
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loads destined to create voltage limit violations, two additional feeder loads to create sole 
congestion episodes on each feeder and a final transformer load to generate thermal 
overloading on the transformer are defined. These loads have been properly tuned to 
simultaneously operate on their respective feeders and seeking to generate a progressive 
stepped response in the vehicles’ maximum current by the control system. Further 
additional details regarding the generated load profiles can be found under appendices. 
Additionally it is important to highlight that, in order to avoid that the simultaneous 
overloading of both feeders resulted in a congestion episode on the distribution 
transformer, its rated power was increased to 200kVA 
A single simulation case study has been designed with a total duration slightly above 
one hour, consisting on the following succession of simultaneous events in both feeders: 
1. Connection of single-phase PEVs. 
2. The voltage drop loads are activated and execute one full loading and unloading 
cycle, causing the corresponding corrective measures by the single-phase vehicles. 
3. Connection of three-phase PEVs. 
4. The voltage drop loads are activated once again, performing a second different 
cycle. The idea now is to see the coordinate voltage control action of both vehicles. 
5. The feeder congestion loads are active and progressively cause and then alleviate 
congestion in both feeders. This triggers and independent thermal management 
of each feeder by its respective vehicles.  
6. Finally the transformer congestion load launches its congestion cycle with the 
purpose of showcasing the combined thermal management of all network vehicles 
to address them. 
In order to adjust the length of simulation around one hour, mainly for simple 
convenience and logistic reasons, as well as the availability of the laboratory equipment, 
the thermal control step is lowered to 60s, while the voltage control remains at its 
normal pace of 30s. Finally it is also important to highlight the fact that only “DynTable” 
is used as the thermal optimization toolbox, since as it was explained, neither 
“Intlinprog” or “Fmincon” directly support standalone code generation. Additional 
further details regarding the connection times of the vehicles within the sequence of 
events are also provided under appendices. 
5.2.2 Experimental Setup 
Now the layout and setup of the equipment as well as the data acquisition process for 
the HIL validation case will be covered. First of all it is important to remark that in 
order to guarantee its full compatibility with dSPACE, the real-time simulator (RTS), on 
its RTI1202 version, the complete simulation environment has been modeled using the 
R2015b 64bit Simulink-Matlab suite. Additionally, operating with the RTS itself, forces 
to adjust some of the model’s characteristics. For instance only discrete time-based 
blocks can be used for the entire system construction. After completing and extensively 
testing the simulation environment on Simulink, it was then fully compiled to C code 
and transferred to the RTS. 
Once in the RTS, the main idea is to essentially employ it to simulate the behavior of the 
entire designed network with the exception of the bottom node from the real feeder, 
which will be emulated using the real hardware available in the laboraoty. In order to 
accomplish this, the following equipment has been used:  
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i. One real-time simulator MicroLabBox by dSPACE Ltd. 
ii. One RWE eSTATION charging station with two independent charging sockets. 
iii. Two commercial PEVs (Nissan Leaf and BMWi3).  
iv. Four Fluke i400s current clamps. 
v. Two Phoenix Contact “Advanced EV Charge Controllers”. 
vi. Several power and signal cables.  
For further details of the most relevant hardware (charging station, charge controllers 
and current clamps) please refer to the corresponding appendix. The resulting hardware 
connection schematic is presented in Figure 11. 
 
Figure 11: Experimental Setup Scheme1 
As it can be seen each vehicle is connected to one of the available sockets of the RWE 
charging station. The station’s characteristics ensure that the same electrical behavior 
as the one exhibited by the virtual models is achieved, resulting in an adequate 
emulation. The station is fed through the external LV distribution network in Dortmund 
and supplies both vehicles using their respective charging cables. In the case of the 
single-phase Nissan Leaf, as the charging station only has type 2 sockets, an additional 
cable, functioning as an adapter, is required to link its type 1 connector to the charging 
station.  
As the proposed algorithm relies on an active communication between the charge 
controller of the station and the defined agents as an essential basis for its behavior, the 
RWE station had to be modified. Consequently the old default preinstalled controllers on 
the station, incapable of being remotely operated, were updated with the Phoenix 
                                                
1 The presented schematic was composed using images extracted from the following sources [70][67][68][71][72] 
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Contact “Advanced EV Charge Controllers”, fully compatible with the IEC 61851-1 
standard and capable of handling external commands through the protocol TCP/IP 
Modbus. Furthermore their usage ensures a perfect synchronization during the 
simulation between the connection of both real and virtual PEVs. This is because, 
although the real vehicles are already initially connected to the station, while the 
controllers receive no external activation signals, the charging process of their respective 
vehicles remains disabled.  
During the simulation an active communication exists between the RTS and the charge 
controllers. This is done though a communication sequence implemented on Simulink 
and relying on two parallel TCP/IP Modbus communication blocks, continuously 
allowing the RTS to authorize and stop the charging process when required, read the 
vehicle’s cumulative charging time as well as to send the established maximum current 
limitations imposed by the developed control algorithm.  
Finally the RTS also receives the instantaneous current values measured by the Fluke 
current clamps, using four signal cables. Three are responsible of covering the charging 
currents of the BMWi3 and the last one the single-phase charging rate of the Nissan 
Leaf. Since the vehicle’s OBC generates a current waveform in phase with the existing 
voltage of the laboratory network, the current signals cannot be directly fed to the 
corresponding node in the virtual network at the bottom of the real feeder. This is 
because there is no guarantee that there would not exist any phase difference between 
the voltage signals in the virtual node and in the real laboratory network, leading to a 
current phase shifted in respect to its nodal voltage in the virtual network. Thus, to 
address this, once the currents are input to the RTS, their respective RMS values are 
calculated and then, using the exact same model developed for the virtual cars, these are 
fed to the controlled current sources multiplied by the unitary sinusoidal signal 
generated by the PLL.  
Lastly the real experimental setup is presented in Figure 12. 
 
Figure 12: Real Experimental Setup 
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6. Results & Discussion 
In this section the obtained results from the different case studies are carefully 
presented and discussed. To do so, the present chapter is divided in two separated 
subsections. The first one covers the validation results of the HIL case to address the 
proper execution and compatibility of the algorithm under real hardware, whereas the 
second one focuses on the results of the computer-based cases, examining in more detail 
and on a more representative network the algorithm’s performance and effectiveness to 
ensure all thermal and voltage constrains are met, while resulting in minimal impact for 
the participating users.  
 Validation of the Proposed Algorithm 6.1
The objective pursued with the HIL case study is to prove the correct execution of the 
algorithm as well as its compatibility with real hardware. This is done designing a test 
network composed of two equivalent feeders exposed to the same voltage and thermal 
violation episodes and verifying whether the designed algorithm properly responds to the 
different violations, corrects them and results in a matching behavior between the real 
cars and stations and their virtual counterparts.  
The complete set of obtained results is presented in Figure 13. In Figure 13-(e) and (f) 
the comparisons between the RMS charging currents values of the virtual and real 
vehicles are depicted respectively for the single-phase and three-phase cars. In the case 
of the virtual three-phase vehicle, as all three RMS charging currents present an 
identical behavior, only a single dashed line, representative of all three, is shown. 
Moreover, to complement and justify the behavior exhibited by the charging currents, 
four additional graphs, vertically separated by the 2000s simulation time mark, are 
presented. This is done to deliberately separate both thermal and voltage violation 
stages, since for a time below 2000s solely voltage disturbances occur, while above that 
time only thermal congestion episodes are created. Thus Figure 13-(a) and (c) depict the 
three phase to ground RMS voltage values in pu respectively for the virtual and real 
node to which the vehicles are connected. At the same time the minimum admissible 
voltage level established by the norm as well as the selected control threshold for the 
execution of the voltage management are presented.  
On the other hand Figure 13-(b) and (d) show respectively the overall loading of the real 
feeder and the system transformer in amperes and kVA, as well as the maximum rated 
capacity of the assets and the thermal control limit to execute the thermal control. This 
division and arrangement of the different plots has been done to allow a simpler 
identification of the cause-effect relationship between the voltage and thermal control 
actions and their corresponding translation into the different maximum set-points for 
the vehicles’ charging currents. Before moving on, it will be clarified that it was decided 
to only include the loading of the real feeder since both exhibit an essentially equivalent 
behavior during the simultaneous individual loading of each feeder. A comparison 
between both virtual and real feeder can be found in the corresponding appendix.  
Focusing on the behavior of the control system, it can be concluded that the algorithm’s 
execution correctly satisfies all premises. This can be appreciated as for both thermal 
and voltage managements, the charging rate of the vehicles are modified in order to 
respect their corresponding control limits.  
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(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 13: Complete Results of the HIL Case Study 
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This is particularly noticeable during the voltage control cycles as shown in Figure 13-
(a),(c),(e) and (f), especially during the second one. It can be seen how the charging rate 
of the vehicles is progressively reduced and latter increased as a response to the limit 
violations introduced by the external voltage load. These modifications seek to adjust the 
voltage as much as possible to the control threshold satisfactorily holding it above the 
lower limit. One noticeable aspect is that during the second cycle, when both vehicles are 
plugged and participating, the system exhibits what seems like a more precise control. 
This higher degree of control is simply caused because in this case, with both vehicles 
charging, the magnitude of the external load has been lowered. Consequently the 
vehicles alone represent a higher share of the total net demand and have a greater effect 
over the overall loading. Nonetheless the same correct execution of the control can be 
seen for both cycles. In the same way it is also demonstrated how the sensitivity-based 
voltage control allows a good coordinated control when several vehicles are connected 
into the same electrical node. Additionally, during both cycles, the control is performed 
in response to the most stressed phase, phase “a”, which is additionally loaded with the 
charge of the single-phase vehicle. In fact it can be precisely highlighted how all phases 
converge when the charge of the single-phase vehicle is stopped.  
Moreover the same corrective control can be seen during the thermal violations stage 
shown in Figure 13-(b),(d),(e) and (f). One important aspect to bear in mind when judging 
both controls is that the algorithm can only correct such violations up to the maximum 
control capacity of the vehicles. For instance if an asset is already overloaded due to an 
additional external load, the control system will prevent any vehicle connection to 
further stress it but cannot alleviate its existing congestion. This explains why even 
when both vehicles disconnected the feeder loading at 2500s is still above the thermal 
limit. Nonetheless it can be seen how the curtailment and latter reloading of the vehicles 
is correctly caused as a response to the thermal loading of the assets attempting to 
safeguard their control limits. Once again matching the nodal voltage behavior it can be 
appreciated how the feeder loading for phase “a” is higher due to the single-phase 
vehicle.  
On the other it can also be established, giving the obtained results, that the algorithm 
has been proven to be fully compatible with and validated under real hardware. This is 
most noticeable by the overall quality of the matching behavior between the charging 
rates of both real and virtual vehicles with only some minor differences that will now be 
covered. It is important to remark that the focus is only given to the charging rates as 
structurally both feeders are identical and thus the any difference in any remaining 
parameter such as the nodal voltages and the total feeder loading is simply a direct 
consequence of the charging rates, which ultimately depend on the designed control.  
First of, disregarding the measurement noise of approximately 2% of the measured 
current introduced by the instrumentation as well as the wrong 2A range measurements 
generated by the RTS whenever the charge of a real vehicle was stopped and its virtual 
partner charging and corresponding to a real null current, it can be seen how 
consistently the real BMWi3 presents a lower charging rate than its virtual counterpart 
even when no limitations are in place. This is simply because the three-phase socket of 
the charging station in the laboratory, in practice, never delivers a full charging rate of 
16A when both terminals are under used, consistently offering 1A less than its giving 
reference. This explains why it always presents a lower rate than the virtual one and 
thus also allows, most noticeably during the voltage control, the real Nissan to sustain a 
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higher charging current compared to the virtual one, as the BMWi3 is causing a smaller 
voltage drop.  
Moreover it can also be seen how during the voltage control the imposed current 
limitations differ for instance at 500s and while managing the vehicles’ reconnection, 
when only the Nissans are connected. This can be explained by two complementary 
reasons. The first one is related to how the response times of the real vehicles affect the 
sensitivity parameter estimation. This parameter is estimated every voltage control cycle 
and relies on employing the voltage and current changes by measuring them 1s prior to 
the execution of the control and 3s afterwards. Since the change in the charging rate of 
the real vehicles is not as fast as that of the virtual ones some differences in the 
estimation of the parameter could lead to different end set points. Complementarily the 
second one is related to the noise introduced by the instrumentation. Not only has it the 
potential to also disturb the sensitivity parameter estimation, but also to slightly alter 
the voltage signal used for the calculation of the new current set point. This is in fact 
reinforced by the perfect match existing during the thermal control stages, where no 
dependence at all with the instantaneous voltage measurements or the sensitivity 
parameter exist. 
Finally it is important to remark that while a perfect match does exist in the feeder 
thermal congestion phase some differences appear during the second thermal cycle. 
These differences, corresponding to the transformer congestion phase, are simply the 
result of the normal operation of the developed algorithm. This is because, although 
when the transformer is affected all vehicles downstream can actively contribute to its 
management, only those necessary to cover the required amount of curtailment or 
reloading capacity will be selected according to the optimization toolbox criteria. This is 
the reason why the first thermal congestion the management, done under the exact same 
conditions (relying on the same two vehicles with equal cumulative charging times), 
results in the same exact behavior while in the transformer case, where all four vehicles 
participate, the curtailment and reloading actions do not have to be equally match 
between both feeders as they depend on the magnitude of the control need. Consequently 
this can be used to explain the recorded differences in the measured currents, for 
example by examining the curtailment and reloading commands of both three-phase 
vehicles. It can be seen as the virtual vehicle was first disconnected, it later possesses a 
smaller cumulative charging time and this results on its preferable reloading over the 
real BMW around 3500s. 
 Performance of the Algorithm 6.2
After illustrating the correct execution of the designed control system, the focus will be 
now given, within this segment, to complete a more detailed examination of its 
performance and effectiveness when applied on a more realistic and representative 
residential LV network. This will be done by first presenting the considered performance 
metrics to address the algorithm’s execution, followed by an individual examination of 
how its application alleviates respectively both network voltage and thermal violations. 
Finally the main underlying objective of the optimization, minimizing the impact over 
the participating users, is covered. Before moving any further it is important to highlight 
that while the improvements over the voltage and thermal violations are presented 
separately, they both are the result of the application of the complete algorithm and thus 
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consisting on the simultaneous coordinated operation of both thermal and voltage control 
systems. 
6.2.1 Performance Metrics 
To properly assess the effectiveness of its executions and quantify the different network 
impacts the proposed system attempts to correct, the following performance metrics have 
been defined and considered for the current study: 
1. Voltage Impact Metric: 
According to the European standard “EN 50160:2010” and in order to assess the 
resulting impact over the network nodal voltages, an impact metric based on the total 
number of nodes experiencing voltage violations, registering a 10-min average RMS 
value below the 0.9 minimum band, is considered. Thus a proper execution of the control 
algorithm would be measured by a decrease in the total number of affected nodes 
compared to an equivalent non-control scenario. 
2. Thermal Impact Metric: 
Similarly, a thermal impact metric based on the total number of overloading operation 
hours, determined by existence of an average hourly loading above the assets’ ratings, 
was first considered to measure the thermal impact. The selection of such a time frame 
was based on the work of Quirós-Tortós et al. [10][11] who, taken into consideration the 
assets’ thermal time constant, considered their hourly loading as a sutiable indicator to 
measure their congestion. Nonetheless after examining the first set of results it became 
clear that, even for the non-control scenarios, the overall thermal stress of the assets was 
not high enough for such a metric to be representative on its own. It was then decided to 
complement it with a more generic analysis of the continuous loading of the assets. Thus 
a proper execution of the control algorithm would be thermally measured by both a 
decrease in the total number of overloading operating hours and by an adaptation of the 
total aggregated PEV load, being curtailed when the assets’ thermal control boundaries 
are exceeded and increased whenever there is enough margin for it. 
3. User Impact Metric: 
Finally in order to examine whether the satisfaction of grid constrains is achieved while 
causing a minimum impact over the participating users, the following global user impact 
metric is defined. As it was previously explained, it will be considered any vehicle that 
after an overnight charge has reached a final SOC beyond an 85% level is impact free. 
Thus the overall user impact metric is defined as the percentage of total users whose 
PEVs have reached a final SOC beyond such level. Consequently the algorithm will be 
considered to correctly minimize user impact if a high share of the participating users 
can remain impact free. 
6.2.2 Assessment: Alleviation of Voltage Violations 
The main results used to address the effectiveness of the algorithm to correct the 
different nodal voltage violations for the different considered case studies are presented 
and commented in this segment. For further additional complementary results the 
reader is referred to the corresponding appendix. 
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First of all Figure 14-(a) and (b) depict, for the complete simulation time frame, a 10-min 
time series representation of the complete number of nodes within the network 
experiencing any voltage limit violations. Figure 14-(a) draws a comparison between the 
impacts of the progressive uncontrolled penetration of PEVs and those once all vehicles’ 
charging needs are regulated by the proposed algorithm. Complementarily to assess how 
critical a 100% user participation would be required Figure 14-(b) compares such a case 
to that when only half the existing vehicles would participate in network management. 
In both cases only the scenarios above a 60% PEV penetration level are shown. This is 
because for the lower penetration levels no significant voltage impacts have been 
registered, with only four aggregated violations during the entire simulation for the 40% 
case. The reader can consult the additional plots covering these cases in the 
corresponding appendix. Moreover this fact is also reflected in Figure 15. Additionally, in 
both Figure 14-(a) and (b), the controlled penetration cases only correspond to the use of 
“DynTable” as the thermal optimization toolbox. The reason behind this is that 
regardless of the selected thermal toolbox no difference at all was found in the system’s 
ability to correct voltage problems. This can also be appreciated in in Figure 15. 
 
(a) 
 
(b) 
Figure 14: Number of Nodes Presenting Voltage Violations over Time. (a) Uncontrolled vs. Controlled PEV 
Penetration. (b) 100% vs. 50%User Participation.  
As both plots depict, for those cases where not all the vehicles actively participate in 
network management, with a higher PEV penetration level a logically higher number of 
nodes experiencing voltage limit violations is registered. This is because, for such cases, 
the network is subjected to a greater overall uncontrolled load, resulting in higher and 
more severe voltage drops. In fact the higher number of violations is shown to occur 
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between 9 and 10 PM, coinciding with the greatest daily domestic demand and the 
moment where most vehicles have already been plugged into the network.  
As both graphs show the proposed algorithm satisfactorily corrects all voltage violations 
for all penetration levels when all vehicles are actively involved in network management. 
Notice how all round markers depicting the controlled cases are constantly concentrated 
on the x-axis meaning no nodes experience any voltage violations. A comparison between 
Figure 14-(a) and (b), also reveals that whether a full involvement of all users is 
preferable even with just an active involvement of half of them, a significant reduction of 
the complete number of violations is registered. 
 
Figure 15: Cumulative Total Number of Voltage Violations 
A more complete outlook of the global results regarding voltage management is 
presented in Figure 15, where the outcomes of all case studies are summarized. The bar 
graph shows the total cumulative number of nodes experiencing voltage violation 
episodes across the different 10-min intervals over the entire simulation time frame and 
for each corresponding penetration level. As it was previously mentioned, it can be 
appreciated how, from a network perspective, a critical PEV penetration level is only 
reached, in terms of voltage constrains, beyond a 40% level. Once again it can be seen 
how even with just an active involvement of half of all users, the application of the 
algorithm still manages to significantly reduce the total number of total registered 
violations, lowering them in more than half compared to a no control case for 
penetrations above 60%. At the same time as it was also previously highlighted, it can be 
seen that, regardless of the selected thermal toolbox, a full correction of all voltage 
violations is achieved. This is no surprise as both controls complement each other, 
meaning that the thermal commands can only impose additional more restrictive 
conditions over the existing voltage control, not compromising in any case its correct 
execution. At the same time, as it will be later highlighted during the congestion 
assessment, the present network was found to more prone to suffer voltage violation 
episodes first, with a critical PEV penetration level of 100% required to start registering 
overloading episodes, meaning that all corrective measures below that level are solely 
driven by the voltage control system.  
Finally to conclude this analysis Figure 16, compiling the effects over the nodal voltages 
of a full PEV deployment for the different case studies as well as for the initial vehicle 
free grid, is presented. The error bar graph shows the overall mean voltage per node, 
based on the 10-min average values registered, together with their standard deviation 
over the complete simulation time frame. Before further commenting its implications, is 
6. Results & Discussion 
 
~ 74 ~   
important to remark that only the corresponding phase voltage in the case of single-
phase vehicles and the average and deviations based on the most conflictive phase in the 
case of three-phase vehicles have been considered.  
Focusing on the results, first of all it can be seen the considerable change on the average 
nodal voltages a 100% PEV deployment brings to the network by comparing those 
scenarios with the voltage levels corresponding to the initial case. Aside from revealing 
those nodes more prone to experience limit violations, the graph also proves the correct 
operation of the voltage management system which, based on its design, maintains the 
nodal voltages as close as possible to their lower operational limit. This can be proven as 
for all control cases the voltage averages are not distant from those corresponding to the 
no control case, and, on the other hand, it is shown how the dispersion of the voltage 
values becomes lower for the control scenarios and even further with the higher the user 
participation is (“DynTable 50%” vs. “DynTable 100%”). Lastly it is significant to remark 
how indeed it also allows spotting some practical differences in the operation of the 
thermal toolboxes, particularly with “Fmincon” resulting the most restrictive one 
generating the higher averages and lower deviations overall. This is nonetheless 
perfectly coherent since ceiling and round approximations had to be applied to it in order 
to deliver integer-based solutions, resulting in the most restrictive approach of the three. 
 
Figure 16: Full PEV Deployment: Impacts and Corrections on the Nodal Voltages 
6.2.3 Assessment: Alleviation of Network Congestions 
An exposition and discussion of the main obtained results will be now covered in this 
segment to assess the effectiveness of the algorithm to manage the congestion of the 
network’s assets. The discussion will be carried out in an orderly manner and will be 
mainly focused on the impact and correction assessment regarding the distribution 
transformer since, as it will later be proven, the loading of the network feeders remains 
significantly below their maximum rating and thus none of them impose any restriction 
over the vehicles’ charging process. For further additional complementary results the 
reader is referred once again to the corresponding appendix. 
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(d) 
Figure 17: Time Series Evolution of the Total Transformer Loading 
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Consequently, first of all, a complete evolution of the loading of the distribution 
transformer is presented within Figure 17-(a),(b),(c) and (d). All of them depict, for the 
complete simulation time frame, a 5-min time series representation of the transformer 
loading covering different case studies. Figure 17-(a) represents both the initial network 
scenario and the loading of the no control cases for all PEV penetration levels. Figure 17-
(b) draws a comparison between the resulting loading of the uncontrolled PEV 
penetration scenarios and that of the active management of all vehicles using 
“DynTable” for the higher PEV penetration levels. Complementarily to assess how 
critical a 100% user participation would be, Figure 17-(c) shows the resulting 
transformer loading, for those same penetration levels, of a full user participation in 
network management and that of just a 50% one. Finally Figure 17-(d) parallels, for the 
two higher PEV penetration levels, the total resulting loading of the transformer when 
the different thermal implementations are used. To facilitate their interpretation all 
graphs additionally incorporate the transformer rated power. It is important for the 
reader to bear in mind, as it was previously explained during the description of the 
algorithm, that the thermal control is tuned to operate with a 5% security margin. Thus 
all control actions will be executed based on whether the total is above or below 95kVA. 
As it can be seen in Figure 17-(a) the increasing penetration of PEVs results in a 
progressive higher loading of the distribution transformer. Nonetheless, as it can be seen 
and as it was previously alerted in the voltage assessment, the studied network is more 
prone to experience voltage limit violations rather than thermal overloading of its assets. 
While beyond a 40% penetration level the network already experiences voltage limit 
violations, according to the thermal metrics, the critical PEV penetration level required 
to cause any asset congestion is no other but a 100%. Although during the most 
demanding time frame, between nine and ten o’clock in the evening, for a 60 and 80% 
uncontrolled PEV penetration some minor violations of the thermal rating can already 
be seen, it is only for the 100% case when the limit is significantly exceeded, operating 
two hours with a 16% average net overload.  
In any case the application of the developed algorithm successfully manages to 
completely extinguish any sign of congestion as it can be seen in Figure 17-(b). The 
active management of the available PEVs effectively peak shaves the total demand curve 
curtailing the vehicle’s charging rates during the most conflictive time period, between 
nine and ten o’clock in the evening, and allowing them to resume their rated charge once 
the network is less stressed during the early morning hours. It is important to highlight 
the relevance of this finding because, although it was the rational outcome of the control 
implementation, it further demonstrates the system’s correct operation and also 
reinforces how a real-time based control, without relying on any historical network 
loading data, can effectively result in a satisfactory peak shaving operation. 
Complementarily multiple plots just containing the aggregated PEV load can be found in 
the corresponding appendix to showcase in more detailed this effect.  
Another crucial aspect to emphasize is that below for all penetration levels except a 
100%, the resulting modified loading curves are solely the result of the voltage control 
management. This should not be surprising since the network has been already shown to 
be more sensible to voltage violations rather than to thermal congestions. It can be easily 
proven by simply looking at Figure 17-(d) where the performance of the three thermal 
implementations is compared. While for a 100% penetration the resulting peak shaved 
curves delivered by the different implementations differ, they all coincide for an 80% 
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penetration. This demonstrates that, although for uncontrolled 60% and 80% 
penetrations, the thermal limit was exceeded, this is no longer the case once the voltage 
management begins to act, resulting in an equal control by all toolboxes. While Figure 
17-(d) shows how all implementations effectively peak the demand and correct the 
thermal overloading, a direct comparison solely based on these curves is complicated. 
Thus a better comparison is later established based on the overall loading data 
presented in Figure 18. 
The obtained results also reveal that while even with a 50% user control, all transformer 
congestion can be corrected, the resulting demand curve is not as finely tuned as that 
obtained with a full user involvement. Nonetheless this was to be expected since a 
smaller degree of control exists in such case, and can be perfectly appreciated by looking 
at the 100% penetration curves in Figure 17-(c). There it is shown how for a full user 
participation results in a softer and better-distributed loading. Moreover this is further 
reinforced by the results presented in Figure 18. 
Figure 18 depicts, considering the complete simulation time frame, the overall 
transformer loading by showing its average loading values, expressed as percentage of 
the rated value, together with their standard deviations for the different case studies. 
Figure 18-(a) covers all PEV penetration levels while Figure 18-(b) portraits in more 
detailed the 100% penetration case where already the different thermal implementations 
influence the final outcome. 
  
 
(a) 
 
(b) 
Figure 18: Overall Transformer Loading. 
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As it can be seen the increasing presence of PEVs results in a higher average loading as 
the charging demands coherent with the progressively superior charging needs to be 
covered. At the same time, as it can also be seen in the loading time series previously 
presented and here shown by the standard deviations, the total variation of the 
transformer load becomes higher the more vehicles are involved. This is because, 
considering their connection times, their aggregated charging process results in a peak 
in demand that progressively reduces as their charging requirements are met. 
Once again it can also be seen how except for a 100% penetration, the three thermal 
implementations overlap proving once again the fact that the control is solely executed 
in terms of voltage management. Most importantly, the graph reveals how the controlled 
penetration of PEVs results in lower deviations while essentially maintaining the same 
average loading value. Both result in two fundamental implications. First of all, the fact 
that the average loading of the transformer is maintained, is indicative of that the same 
amount of energy has been transferred through the transformer over the simulation time 
frame. This is nothing but a confirmation, as it will later proven when addressing the 
user impact, that the total charging needs of the vehicles have not been jeopardized as 
there is a direct connection between the final charging levels of the vehicles and the 
power flowing through the transformer. 
On the other hand the smaller the deviations on the controlled cases are precisely 
indicative of the resulting peak shaving of the demand. This can be much better 
appreciated just by focusing on the most representative case in Figure 18-(b), where it is 
shown the deviations become smaller the higher the control degree that can be exerted is 
(“No Control”, “DynTable 50%” and “DynTable 100%”), revealing a better quality peak 
shaving. Additionally the plot allows a direct comparison of the three thermal variants of 
the algorithm. It can thus be concluded that “DynTable” and “Fmincon” result in a better 
peak shaving than “Intlinprog”. 
Finally an equivalent representation to that used in Figure 17 to describe the time series 
evolution of the distribution transformer is presented for one of the feeders (number 3), 
in Figure 19. The loading of all three phases (a,b and c) are presented alongside each 
other, vertically separated by a dotted line, for the complete duration of the simulation, 
with Figure 19-(a) covering the initial and uncontrolled penetration scenarios and Figure 
19-(b) comparing the resulting loading of the uncontrolled cases with that caused by the 
active management of all participating vehicles under “DynTable” for the higher 
penetration levels. Both graphs once again include the rated ampacity of the cables 
corresponding to 116A. Only the results concerning one of the three feeders are here 
presented since all of them exhibit similar trends and the same conclusions can be 
drawn from them. Nonetheless those additional plots for the two remaining feeders can 
be found on the corresponding appendix. 
As it was already anticipated at the very beginning, it can be seen how the thermal 
rating is far from being achieved and thus none of the shown modifications over the 
vehicles’ charging is derived as a consequence of the feeders loading. Thereby the 
modified loading curves plotted in Figure 19-(b) are solely the result of the nodal voltage 
and transformer thermal violations that earlier affect the system. Thus no further 
discussion regarding the system feeders is given. 
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(b) 
Figure 19: Time Series Evolution of the Total Feeder 3 Loading on its Three-Phases. 
6.2.4 Assessment: Overall User Impact 
Once the effectiveness of the algorithm to ensure network constrains are met through an 
active management of the vehicles’ charging process has been demonstrated, it will be 
now analyzed in this segment whether this has been achieved while resulting, as it was 
intended with the designed thermal optimization, in a minimum impact over the 
participating users. In order to do so, the previously defined user impact metric will be 
used, and thus the attention will be given to the final SOC reached by the vehicles 
during the simulation. It is important to bear in mind while analyzing the obtained 
results the fact that all vehicles were programmed to have a notably low (20%) initial 
SOC.  This was intentionally done to force a worse case scenario resulting in higher 
network stress and consequently test the algorithm’s performance under severe 
conditions in order to obtain a higher quality assessment. 
The obtained results covering all case studies are presented and summarized in Figure 
20 and in Figure 21. Figure 20 depicts the total percentage of vehicles that, at the end of 
the simulation, have reached a final SOC equal or superior to 85% for all considered 
scenarios and can thus be considered to be impact free. Complementarily Figure 21-(a) 
further reinforces those results by presenting the average final SOC of the vehicles as 
well as the registered deviation of the obtained values. In order to offer a better 
illustration, Figure 21-(b) offers a more detailed representation of the most relevant case, 
corresponding to a 100% PEV penetration. 
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Figure 20: Total Percentage of PEV with a final SOC >= 85% for all Case Studies 
 
(a) 
 
(b) 
 
Figure 21: Final SOC Levels for all Case Studies 
Since no restrictions upon the charging process of the vehicles are imposed, the no 
control case represents upper maximum performance limit for the algorithm, where no 
impact over the users exists and all cars reach their maximum possible charging level 
giving their respective charging rates and connection times. As it can be appreciated in 
both Figure 20 and Figure 21-(a) until a 100% PEV penetration, the developed control 
results in a zero impact over the participating users in all its variants. All vehicles 
surpass the 85% SOC threshold achieving a complete full charge. This can be justified by 
looking at Figure 21-(a), where until a 100% penetration, the average final SOC value, 
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for all scenarios, matches that of the 99% level limit, established as a full charge, and 
has a total zero deviation. 
The only perceptible impact of the application of the proposed algorithm is found under a 
full PEV deployment. However, even for such a case, for all the considered 
implementation, the resulting impact over the users is minimal since even for the worst 
performing alternative, 85 % of the users remain impact free. Consequently it can 
already be concluded the ability of the designed algorithm to efficiently operate, in all its 
variants, guaranteeing a minimal overall impact on the participating users. Nonetheless 
analyzing the portrayed data in more detail, some significant differences between the 
effectiveness of different considered alternatives can be spotted. 
First it can be appreciated that the algorithm implementation under both “Intlinprog” 
and “DynTable” results in a better overall performance, with both registering an 
additional 10% of impact free users, when compared to the one using “Fmincon”. This is 
further reinforced by Figure 21-(b) where, under “Fmincon”, the algorithm is shown to 
produce a lower average final SOC level accompanied by a much higher total deviation, 
with some of the involved vehicles registering severely low SOC levels, slightly above 
40%. This can be easily justified considering how the problem was formulated using 
“Fmincon” as the toolbox did not allow the direct operation with integer values. Thus, as 
it was explained while describing the thermal implementations, ceiling and floor 
rounding functions were used to reach the final solutions for the curtailment and 
reloading cases respectively. This effectively turned this implementation in the most 
restrictive one upon the vehicles’ charging, favoring their curtailment and hindering 
their reloading, becoming the most pernicious from a user perspective.  
On the other hand no significant difference between the performance of the algorithm 
under “Intlinprog” and “DynTable” is depicted in Figure 21-(b), with both achieving 
almost exact same average values and deviations. Nonetheless a closer examination of 
Figure 21-(a), given their distinct colors, allows seeing how “DynTable” presents a 
slightly smaller deviation. Therefore giving their previously discussed performance 
regarding peak shaving as well as their total user impact, it can be concluded that while 
both “Intlinprog” and “DynTable” result in a extremely close performance, “DynTable” 
exhibits a slightly better performance and thus being the one among the three offering a 
better characterization to solve the defined problem. Once again this can also be justified 
based on their respective problem formulations, as the operation of “DynTable” did not 
require the use of inequalities for the network constrains and thus offered a finer 
correction. 
Finally in terms of user involvement, comparing the 50% and 100% participation rates 
under “DynTable”, it can be seen that even with a smaller participation, the same 
percentage of impact free users was consistently achieved. Nonetheless, as a closer 
examination of both plots in Figure 21 reveal, a slightly superior average SOC as well as 
a predominantly higher deviation was reached for the 50% user participation case under 
a full PEV deployment. However this was to be expected since half of the vehicles now 
charge unrestricted and the network management responsibilities fall upon a smaller 
number of users, causing their charge to experience more frequent and longer 
limitations. 
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7. Project Planning and Costs 
 Budget 7.1
The complete budget for the execution of the current project, broken down into sections, 
is detailed in Table 11. It is important to bear in mind that since most of the actual costs 
of the existing equipment could not be disclosed for being regarded as highly sensible 
confidential data, an approximate qualitative estimation considering the cost of similar 
equipment is here presented. Moreover, in order to make the calculation as realistic as 
possible, taking into consideration that the equipment is used for multiple simultaneous 
projects, an hourly usage cost has been determined. To calculate this hourly cost, the 
normal working conditions in Germany have been considered, 40 hour working weeks 
with 6 paid weeks off per year, and using estimated lifespans of: 10 years for the 
electrical equipment, the PEVs and the measuring equipment respectively, 5 years for 
the control hardware as well as the employed computational power and finally yearly 
software licenses. All detailed costs include taxation. 
Electrical Infrastructure 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
Vehicle Charging Station 1 3500 80 0.19 15.22 € 
Power Cables 3 300 80 0.02 3.91 € 
Vehicles 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
BMWi3 1 36800 80 2.00 160.00 € 
Nissan Leaf 1 26500 80 1.44 115.22 € 
Measuring Equipment 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
Current Clamps 4 240 80 0.01 4.17 € 
Control Hardware 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
Phoenix Advanced EV 
Charge Controller 2 230 80 0.03 4.00 € 
RTS dSPACE 
MicroLabBox 
1 20000 80 10.87 173.91 € 
Software & Licenses 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
Maltlab / Simulink Suite 
2015b 1 2850 480 1.55 743.48 € 
dSPACE Control Desk 1 Included in RTS dSPACE MicroLabBox 
Computers 
Element Nº Units Unit Cost (€) Time Used (h) Cost (€/h) Total Cost 
DELL Precision Tower 
5810 
1 1700 480 0.18 88.70 € 
MacBook Air 11´Laptop 1 900 400 0.10 39.13 € 
Professional Fees 
 Cost (€/h) Hired Hours (h) Total Cost 
Junior Engineer 15.00 960 14,400.00 € 
Senior Engineer 35.00 100 3,500.00 € 
Total Cost 19,247.74 €  
Table 11: Detailed Project Budget 
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 Economic Viability 7.2
In accordance with the obtained simulation results and to showcase the economic 
viability of the proposed solution, its total estimated implementation and execution cost 
is compared with the alternative grid expansion costs the DSO faces to ensure a correct 
system operation. To this end, a 30-year economic viability study, from 2020 to 2050, is 
propounded considering the results thrown by the computer-based case studies. In order 
to make the study as realistic as possible, a progressively increasing share of PEVs in 
the network is considered, assuming a 20% penetration increase every five years, 
starting from a 0% penetration in 2020 until a complete deployment by 2045. Since the 
network thermal and voltage problems are a direct consequence of the increasing 
presence of PEVs, once a the minimum of share of PEVs accountable for causing such 
issues is reached, corrective measures by the DSO must be deployed. 
Based on the simulation results, voltage limit violation problems are first registered for 
a penetration level of 40%. Nonetheless significant issues only begin with penetration 
levels beyond 60%. This is because for the 40% and 60% cases, assuming the same exact 
weekly behavior as that of the day of study, total violations do not account for more than 
5% of the time, and thus are not in violation of the voltage standard, which allows for a 
95% weekly satisfaction. On the other hand thermal problems only start to endanger the 
transformer operation with a full deployment of PEVs. Consequently and in response to 
this it is considered that the DSO would start deploying line reinforcements as well as 
an upgrade of the distribution transformer once a 60% penetration and 80% penetration 
levels have respectively been reached in anticipation of future problems. In other words 
in 10 and 20 years time respectively. These expansion costs have been calculated using 
the data shown by Zhang et al. [58] in their study, where a total cost of line and 
transformer reinforcements giving their length and rated power were presented. The 
resulting total reinforcement costs, as well as their net present value considering their 
deployment year and using a return rate of 8% are presented in Table 12. 
Voltage Limit Violations: Line Reinforcement Costs 
Total Cost (€/km) Reinforcements Total Length (km) Total Cost (€) Net Present Value (€) 
17,712.00 1.272 22,529.66 10,435.59 
Thermal Reinforcements: Transformer Replacement Cost 
Total Cost (€) Net Present Value (€) 
17,388.00 3,730.56 
Total Grid Expansion Costs 
Total Cost (€) 39,917.66 Net Present Value (€) 14,166.16 
Table 12: Total Grid Expansion Costs 
The total cable length to be reinforced corresponds to the substitution of the head feeders 
as well as their immediate next sections downstream, while the transformer replacement 
cost accounts for its substitution by one of 259kVA of rated power. 
Alternatively the total cost of the usage of the proposed control method is now computed. 
For this, development costs will be disregarded, as its potential application in thousands 
of distribution networks, results in a minimal accountable cost. Consquently only its 
operation costs, OPEX, in the form of lower user tariffs, as stablished by the EnWG § 14 
act, and the deployment and installation costs of the required sensors, CAPEX, will be 
regarded. Since local voltage measurements, required for the voltage management 
system, can already be extracted from future smart meters or even the dedicated 
metering points the EnWG § 14 act requires, and whose installation would be covered by 
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each individual user, only the additional current and power meters for thermal 
management are considered as a capital expenditure for the DSO. Despite searching for 
more representative data for advanced substation monitoring, this information was 
found to be confidential and only available through a purchase order. Thus an estimated 
cost based on the price of available commercial are presented in Table 13. 
Current Clamps 
Unit Cost (€) Nº Units Total Cost (€) 
240 9 2160 
Power Meter 
Unit Cost (€) Nº Units Total Cost (€) 
1460 1 1460 
Total Cost (€) 4000 Net Present Value (€) 858.19 
Table 13: Total CAPEX cost proposed algorithm 
A total of 9 current clamps necessary to monitor the respective phases of each one of the 
three available feeders as well as an additional power meter used to measure the loading 
of the distribution transformer are needed. The total costs are round up to 4000€ to 
additionally consider their installation costs accounting for their deployment and 
communication needs. Afterwards, once again, their total net present value is calculated 
based a return rate of 8% and considering their deployment would only be needed once 
thermal management is required in 20 years time. 
According to the EnWG § 14 act, the DSO can manage, prior user’s consent, those 
controllable consumption devices available in the low voltage network through grid 
utilization contracts, where, in return for the grid-based control of their devices, DSOs 
agree to charge those respective users a reduced tariff. Since no further details regarding 
the nature of such agreements is given, two alternatives are hereby considered: 
1. A 24h reduced energy price per day user flexibility is requested applicable to the 
remaining domestic load. (The remaining non-controllable load) 
2. A discounted energy price in the PEV charging tariff. 
To simplify the economic calculations a total yearly average household demand was 
considered instead of a differentiated individual demand. The same was done to the 20 
PEV battery capacities, while were their charging needs were kept under simulation 
conditions, with an 80% depth of discharge. Considering an domestic average electricity 
price of 0.211 €/kWh [59] the resulting economic balances for both proposed agreements  
are presented in Figure 22, where the additional cost of using the algorithm based active 
management solution over the total network expansion expenditure for the 30-year 
period is plotted against the different discount rates in energy prices offered by the DSO. 
At the same time three different return rates of 8, 10 and 12% have also been considered.  
As it can be appreciated by the obtained results, discounts rates in the energy prices 
below 24% for the remaining household demand and around 12% for PEV charging 
ensures a profitable application of the algorithm over network expansions for any return 
rate. The higher discounts rates in the case of the remaining household demand 
correspond to its smaller magnitude compared to the aggregated PEV load. To minimize 
the dependence of the total benefit on the return rate, energy discount rates of 17% and 
9% respectively are recommended, generating savings of approximately 4000€ over the 
studied period per each similar LV network were the control is implemented. At the 
same time it is important to notice that the adoption of an active management approach 
would not only report these direct savings but would also reduce the total expansion 
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needs to be required in the future. Although a fixed energy discount rate was here used, 
the DSO would obtain greater benefits and control if such rate could be yearly adjusted. 
 
(a) Energy Price Discount for the Remaining Domestic Load 
 
(b)Energy Price Discount for the PEV charging tariff 
Figure 22: Proposed Algorithm Economic Viability for Different Discount and Return Rates 
Finally it is crucial to remark that the current economic study was performed 
considering an active participation of all available vehicles, which further reinforces the 
viability of the proposed control since, as depicted in the results section, even with a 50% 
user participation an effective control could be performed considering the 5% weekly 
margin for voltage violations.  
 
 Project Planning 7.3
To successfully execute this project multiple tasks and subtasks were defined and 
progressively executed. The most important ones and their distribution within the 
project’s lifespan are depicted in the Gantt diagram presented below. 
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Figure 23: Gantt Diagram of the Project 
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8. Conclusions & Future Work 
 Conclusions 8.1
The current project has reached its main objectives successfully designing a smart 
charging algorithm which simultaneously addresses and corrects two of the main 
network impacts caused by the progressive penetration of PEVs, voltage limit violations 
and network congestions. The system offers DSOs a viable and competitive technical 
alternative over conventional network reinforcements to mitigate the impacts of 
uncontrolled domestic Mode 3 AC charging. 
The proposed control algorithm, built using a “Multi-Agent System” architecture 
achieved a correct and effective real-time operation and coordination between the 
decentralized sensitivity-based voltage management and the centralized thermal control, 
under its three alternative formulations, relying on minimal external grid 
measurements solely required in their respectively 30s and 300s control time steps. This, 
combined with its generic formulation, allows the system to directly operate under radial 
distribution networks and, potentially, overcome the main traditional limitations found 
in other alternatives in the literature. The suggested method also provides the DSO with 
a versatile tool, whose structure allows the future incorporation of market based 
operations and ensures its compatibility with other existing control strategies. 
The analysis of the algorithm’s performance, satisfactorily demonstrated the 
effectiveness of both controls to remove all generated impacts. The analysis has been 
conducted using a realistic simulation environment, defining characteristic PEVs 
connection and departure times as well as individual household demands, under severe 
demanding conditions, given by peak winter domestic demands and a low initial SOC for 
all vehicles. Under all thermal variants, all network violations were successfully 
attenuated by effectively peak shaving the total aggregated demand, ensuring a correct 
system operation for all PEV penetration scenarios while causing a minimal impact over 
the participating users. 
The newly designed toolbox,“DynTable”, based on a dynamic ranking system based on 
the vehicles’’ cumulative charging times, was proven to be the most effective thermal 
alternative delivering the best performance in terms of peak shaving and user impacts, 
closely followed by “Intlinprog”. Moreover, being the only one directly compatible with 
standalone code generation, “DynTable” allowed to validate the algorithm’s behavior 
using real hardware through the HIL tests. These not only further shown the correct 
execution of the proposed system but also proved its design compatibility with current 
communication and charging standards. 
The system, conceived to operate under the legal coverage provided by the German 
EnWG § 14a act, offers DSOs the chance to actively engage user participation through 
bilateral agreements compensating them through reduced tariff fees, while guaranteeing 
them a minimal impact will be infringed upon their vehicle’s charging needs. 
Furthermore, the conducted economic assessment covering the application of the 
designed control over conventional network reinforcements, illustrated the profitability 
benefits of such an active management approach, considering multiple return and 
energy discount rates, not only reporting economic benefits to the DSO but also reducing 
the need of future reinforcements and upgrades. Finally, an active engagement of all 
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network users appears not to be a critical factor to perform a successful network 
management, further assuring the DSO of the economic and technical viability of such a 
solution. 
 Future Work 8.2
Although the present project represents an ample and comprehensive study considering 
its scope, offering a detailed state of the art review, proposing an innovative control 
algorithm to manage the charging process of PEVs, fully addressing its performance 
using a realistic test network, as well as, testing its compatibility and proper execution 
through HIL; still there is plenty of room for improvements as well as many relevant 
aspects to further pursue.  
One relevant issue that has not been yet addressed is whether the proposed sensitivity 
based voltage control could derive in any grid stability issues. Thus, a corresponding 
transient analysis should be undertaken. At the same time as it was highlighted, the 
voltage control system has only been designed to properly manage lower voltage limit 
violations, presumably struggling in the case of highly unbalanced networks with 
floating neutral conductors, where the charging of single-phase PEVs could potentially 
cause violations of the upper voltage limit. Consequently an additional mechanism 
should be included to tackle this problem, as well as to further reduce voltage 
unbalances between the different phases or other power quality issues (e.g. Total 
harmonic Distortion, Flickering, etc.). 
Complementarily the thermal control architecture should be reinforced adding 
supplementary coordination criteria for the treatment of potential network layouts 
consisting of shared feeders among different individual transformers (Low Voltage 
meshed networks). Of course this does not include the simple case of various parallel 
transformers supplying the exact same feeders. On the other hand, a procedure to make 
both “Intlinprog” and “Fmincon” compatible with real hardware could be potentially 
interesting. Further research efforts should be dedicated to find an alternative toolbox to 
“Fmincon”, capable of supporting the same target convex function as well as operating 
with integer values. 
Moreover the system’s functionality can be further expanded by: 
- Allowing users to independently participate in either thermal or voltage 
management. 
- Incorporating market-based operation including: 
o New flexibility buyers besides the DSO. 
o New optimization objectives such as maximizing the economic benefits. 
(Price-based operation) 
- Incorporating and making the current control compatible with new smart loads 
such as heat pumps. 
- Defining new user participation criteria such as a minimum charging time. 
- Expanding the control to support DC charging. 
Further testing improving the current simulation environment is also recommended. 
Significant improvements could be obtained by employing larger and more realistic 
distribution networks, incorporating distributed generation as well as generalizing the 
obtained results by launching multiple variant cases changing the location and 
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magnitude of the loads using stochastic modeling. More significant network impacts 
could also be potentially obtained using a more realistic and complex battery model, as 
well as by considering public and DC charging, or simulating more genuine driving 
patterns through fleet simulation software. Finally more extensive testing with real-time 
equipment should also be performed, for example, through pilot projects implementing 
the designed control to update commercial charging equipment. 
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1. Developed Simulink Simulation Interface 
 Main Window 1.1
 
Figure 24:Left Panel: Configuration Parameters 
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Figure 25: Right Panel: Studied System 
 Left Panel Configuration Parameters 1.2
This panel includes: 
1. DSO Preferences: Here the main DSO configuration options can be selected. These 
include the thermal and voltage management security and control thresholds, as 
well as their execution times among others. 
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2. Simulation Initialization Parameters: This panel allows to select all the options 
that define the simulation such as the characteristics of the involved vehicles and 
stations as well as their nodal allocation, their level of penetration, their 
connection times as well as the user participation. Moreover the complete 
household demands are also defined and consequently allocated. 
3. Assigned Data Per Node: The function of this section is simply to route the pool of 
data characteristics of the different vehicles and charging stations, as well as the 
corresponding selected assignation to each individual node. 
4. Simulation Calculations Optimizer: A centralized calculation of certain 
parameters such as the RMS values is centrally done here in order to reduce the 
required computational times. 
5. Simulation Outputs: The desired output variables to be monitored are here 
gathered and exported. 
6. PEV Model: A copy of the developed generic PEV-Ch. Station model is placed in 
this section in case any modification of the studied system is desired. 
 Studied System Panel 1.3
This panel is designed to simply allocate the system currently under study. The model is 
fully developed using blocks from the Simscape Power Systems Library. The system 
presented in Figure 25 corresponds to the network environment used for the computer-
based simulations. One important aspect to notice, as it will be stressed in the following 
section, is that the generic PEV-Ch. Station model is deployed across all of the network 
nodes. This is because a selective characterization of each vehicle-station duo is 
programmed within the model which, according with corresponding data assigned to 
each node, correctly defines each particular case. This has been done so the system can 
be completely designed not requiring any structural changes to account for any of the 
selected configuration preferences as long as the base network of study remains the 
same. Obviously for the HIL validation case, as it employs a structurally different 
network, a new system construction was then required.  
 PEV-Ch. Station Model 1.4
 
Figure 26: PEV-Ch. Station Model 
Some more additional complementary details will be given covering the design of the 
PEV-Ch. Station model. As it can be seen on Figure 26, once the model is opened, three 
main sections can be distinguished: The “Station and PEV Data Interpretation” one 
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presented in Figure 27, the “Charging Station Model and Agent” one depicted in Figure 
28 and the “PEV Model and Agent” shown in Figure 29. 
 
Figure 27: Station and PEV Data Interpretation 
The “Station and PEV Data Interpretation” section is responsible, as previously 
highlighted, to collect both all the data from the available car and charging station 
characteristics from the defined pools as well as the assigned preferences to that 
particular node and then cross them to determine the particular characteristics that 
apply to this particular household. Additionally the assigned control preferences and 
user behavior, obviously in a real case determined by each individual, are also properly 
interpreted. Moreover the general data signal also incorporates the selected simulation 
parameters such as the current PEV penetration level, the overall user participation and 
the current time which are once again crossed to correctly determine when each vehicle 
must start interacting, participate in the network management and be connected and 
unplugged from the network. 
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Figure 28: Charging Station Model and Agent 
 
Figure 29: PEV Model and Agent 
Once all this information is decoded, it is then used by the generic PEV and Ch. Station 
models presented in Figure 28 and Figure 29. Since the core working principle behind 
the electrical implementation was already described in the modeling section, no further 
comments on that will be now given. Instead some interesting additional details will be 
covered. First of all, as it can be appreciated, the system internally relies on memory and 
locally scooped goto and from blocks to properly operate the different internal signals as 
well as to mimic the real communication between the different elements such as the 
vehicle and the station as well as their respective agents and also that between the 
station and transformer agents. Secondly additional important aspects such as the 
cumulative charging time as well as a charge stop command, once the battery maximum 
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capacity is reached, and the selection of the assigned charging phase in the case of single 
phase vehicles were also added to the basic system to properly reflect the behavior of a 
real charging station. Thirdly a separate definition of the agents and the basic electrical 
structural elements was done to facilitate the system implementation when using real 
hardware, thus requiring minimal structural changes. Finally it is important to notice 
that due to the basic functions performed by the Car Agent, its implementation on the 
simulation environment is completely covered by the data established within the 
simulation preferences. This will nonetheless change for a real application of the system. 
Lastly the internal structure of the Ch. Station agent is presented in Figure 30.  
 
Figure 30: Internal Structure of the Charging Station Agent 
As it can be appreciated three main sections have been defined for the three main core 
functions executed by the agent: the voltage management control, the issue and 
application of the thermal flexibility offers and command requests as well as 
determining whether the connected vehicle is or not enabled to participate in the 
network management. No further comments regarding its operating principle will be 
given. The reader is referred back to the main report where they are extensively covered.  
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 Transformer Agent 1.5
To conclude this appendix the internal implementation of the transformer agent, responsible for 
executing the thermal optimizations, is presented in Figure 31. The agent operation is once 
again structured in a first section responsible for calculating the utilization factors based on the 
system measurements and the DSO established limits and then two consecutive ones responsible 
for the reloading and curtailment optimizations respectively.  
 
Figure 31: Transformer Agent 
Aside from the routing of the received signals once again through goto and from blocks mimicking 
the real communication links between the agents, only the fact that triggered based subsystems 
are used will be highlighted. The same can also be appreciated in Figure 30 for the Ch. Station 
agent. This is done to ensure the thermal and voltage controls will only be executed in their 
respective designated times. Once again the reader is referred back to the main report where the 
operation of the thermal control is fully detailed. 

  
~ 11 ~   
2. Complementary Modeling Details 
 Offline or Computer-Based Cases 2.1
2.1.1 Household Demand Characterization 
Additional details regarding the definition of the domestic loads are provided in this appendix. 
The individual household active power demands are represented in the figures below. Moreover 
the different assigned inductive !"#(!) to each individual home are provided together with their 
main characteristics, result of their random generation, in Table 14.  
 
Figure 32: Individual Demand: Dwellings 1-12 
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Figure 33: Individual Demand: Dwellings 13-20 
 
Dwelling nº Nº of Residents Building index1 Primary heating system  !"#(!) ind 
1 1 6 Gas 0.9328 
2 1 1 Gas 0.9018 
3 2 3 Gas 0.9425 
4 2 6 Gas 0.9467 
5 4 4 Gas 0.9339 
6 2 3 Gas 0.9379 
7 1 4 Gas 0.9372 
8 2 1 Gas 0.9196 
9 1 2 Gas 0.9328 
10 2 6 Gas 0.9086 
11 2 4 Gas 0.9353 
12 2 3 Gas 0.9016 
13 3 3 Gas 0.9138 
14 2 6 Gas 0.9023 
15 3 4 Gas 0.9049 
16 4 1 Gas 0.9412 
17 2 5 Gas 0.9347 
18 2 4 Gas 0.9159 
19 2 2 Gas 0.9475 
20 2 4 Gas 0.9017 
Table 14: Dwelling’s Characteristics 
                                                
1 The building index is used for its thermal characterization. For further details please refer to the CREST tool. [48] 
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2.1.2 PEV Connection Hours 
A more detailed explanation of the estimation of the connection hours is here presented. 
First of all using the available data published by Alonso et al. [55] the following hourly 
probabilities for the arrival and departure of the different PEVs were estimated: 
Time of Arrival Probability Time of Departure Probability 
18:00 18% 5:00 4.5% 
19:00 24% 6:00 3.5% 
20:00 34% 7:00 33.5% 
21:00 9% 8:00 48.5% 
22:00 6% 9:00 10% 
23:00 4%   
0:00 5%   
Table 15: Arrival and Departure Hourly Estimated Probabilities 
These reflect the probability of any vehicle to arrive or leave within that complete hour.  
The definition of this probability density functions is done motivated by the work of 
Fernández-Orjuela [54]. The main idea is to correctly select two random samples that 
determine the time of arrival and departure of the different vehicles and properly follow 
the defined probability density functions. First of all to achieve a more complete 
resolution within the hour, once again following the example set by Fernández-Orjuela 
[54] in his work, these initial hourly probability density functions were redefined to 
account every 10 min interval. This was done distributing the hourly probability using a 
binomial permutation. Once recalculated, the cumulative probability functions can be 
easily determined. The obtained results are presented in the histograms below.  
 
 
Figure 34: Time of Arrival and Departure: Probability Density and Cumulative Functions 
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Using the newly estimated cumulative functions, the selection of any random sample 
that follows those probability density functions can be easily done. By selecting two 
random samples of 20 elements ranging from 0 to 1, the position of each value 
determining the household it is assigned to, and then comparing them with the 
cumulative functions, the time of arrival and departure of each vehicle can be 
determined as the first time value for which the cumulative probability is equal or 
higher than the considered sample.  
In such a way the obtained values can be shown to completely follow the calculated 
density functions. Selecting two different samples, one for arrival and another for 
departure, and applying the aforementioned strategy, the departure and arrival times 
are determined. 
 Online or HIL Validation Cases 2.2
2.2.1 Voltage, Feeder and Transformer Loads 
The profiles corresponding to the voltage, feeder and transformer loads used in the HIL 
validation case are presented in the figure below. It is important to highlight that these 
loads have been defined with a unitary power factor, in other words purely as active 
power loads. At the same as it was already mentioned, both voltage and feeder loads, are 
designed to act simultaneously on both feeders. 
 
Figure 35: HIL Simulation Loads 
2.2.2 PEVs Connection Times 
The time of connection to the network of the two types of PEVs for the HIL validation 
case are presented in the table below: 
Vehicle Connection Time (s) 
Single-Phase AC (Nissan Leaf) 20 
Three-Phase AC (BMWi3) 1000 
Table 16: PEVs HIL Connection Time 
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2.2.3 Characteristics of the Employed Hardware  
Here the main characteristics of the hardware utilized for the HIL validation case are 
presented. 
Charging Station: Electrical Characteristics 
 
Model RWE eSTATION 
Charging Mode 3 
Number of available Sockets 2 
Connector IEC 62196 Type 2 
IEC 61851-1 Standard Supported 
Theoretical Maximum Output Performance 2 x 22kW @ 400V AC 
Default External Control Not Supported 
Protective technology Included 
Table 17: Electrical Characteristics of the Charging Station 1 
It is important to highlight that although the charging station, natively supports 
charging rates up to 22kW for each socket, in other words, maximum charging currents 
of 32A, these levels cannot be accomplished in the laboratory. The reason is that the 
cable connecting the station to the network has a maximum current limit of 32A and 
consequently lowers its total admissible charging power to only 11kW for each individual 
socket. 
 
Model Phoenix Contac EV Charge Control Advanced 
Charging Mode 3 
IEC 61851-1 Standard Supported 
External Control Supported via Modbus 
Table 18:Characteristics of the employed Charge Controller [60] 
The newly installed charge controllers support external control using Modbus TCP IP. 
Model Fluke i400s AC Current Clamp 
 
Nominal current range: 40 A Range: 0.5 A to 40 A 
Basic accuracy: 40 A Range: 2% + 0.015 A (45-400 Hz) 
Phase Shift: 5 A to 20 A: 3” 
Typical Bandwidth: 40 A Range: 5 Hz - 10 kHz 
Output level: 40 A Range: 10 mV/A 
Crest Factor 40 A Range: ≤ 3 
Table 19: Specifications of the used Current Clamp Model [61] 
The most relevant parameters to bear in mind when using the selected current clamp 
and analyzing and treating the obtained measurements are both its accuracy and output 
level. The clamp’s accuracy is of approximately 2% of the measured current value. Thus 
for measuring charging currents up to 16A, a maximum error of 0.32A should be 
expected. Moreover to properly retrieve the real current value, the measurement, once 
                                                
1 The attached image of the commercial charging station has been extracted from the following source [70]. 
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fed to dSPACE, must be adjusted considering both the clamp’s gain as well as that of the 
RTS. As stated in Table 19 the current clamps deliver a signal of 10mV per measured A 
which later on the RTS further modifies while executing the analog to digital conversion. 
Thus the received signal on Simulink must then be scaled by a thousand to properly 
correct both the RTS and the clamps conversions. Finally and although it is also 
highlighted that the current measurement has a phase shift of 3”, this is of no relevance 
considering the used implementation, where the RMS value is computed and then fed to 
a unitary signal in phase with the nodal voltage. 
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3. Additional Results 
 Validation of the Proposed Algorithm 3.1
  
Figure 36: Virtual and Real Feeder Loading Comparison 
 Performance of the Algorithm  3.2
3.2.1 Additional Voltage Impact Assessment Results 
 
(a) 
 
(b) 
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(c) 
Figure 37: Additional Voltage Impact Assessment Results 
3.2.2 Additional Thermal Impact Assessment Results 
3.2.2.1 Transformer 
 
(a) 
 
(b) 
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(c) 
Figure 38: Additional Transformer Thermal Impact Assessment Results 
3.2.2.2 Feeders 
 
(a) 
 
(b) 
Figure 39: Additional Feeder 1 Thermal Impact Assessment Results 
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(a) 
 
(b) 
Figure 40: Additional Feeder 2 Thermal Impact Assessment Results 
3.2.2.3 Aggregated PEV Load 
 
(a) 
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(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 41: Time Series Evolution of the Total Aggregated PEV Load 
